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ABSTRACT

HARMONIC MOTION MICROWAVE DOPPLER IMAGING METHOD

TOP, Can Basl

Ph. D., Department of Electrical and ElectronicgiBaering
Supervisor: Prof. Dr. Nevzat Giineri GENCER

September 2013, 126 pages

Conventional method for breast tumor detection, magraphy, has a number of drawbacks
such as X-ray exposure, patient discomfort and dbssliability especially for dense breast
tissue. Therefore, it is a hot research topic teelig new alternative non-invasive, reliable,
safe and patient friendly breast imaging methoddghis thesis, we propose a novel hybrid
mechanical and electromagnetic imaging method eatify cancerous regions particularly
inside dense glandular breast tissue at the e@tye ©y making use of the contrast between
elastic and electrical properties of healthy andignant tissues. A small vibrating region is
created inside the tissue using the radiation fofdecused ultrasound waves. A microwave
transceiver is used to collect data from the vibgategion at the Doppler frequency, which
depends on both elastic and electrical properiiks. vibrating region is scanned inside the
tissue to generate images. A semi-analytical foathuh for the forward problem is
developed using a two-layered simple breast mdti¢hree dimensional Finite Difference
Time Domain (FDTD) method is developed for analgzitihe scattered signal from a
vibrating region inside the tissue. Forward muhiggics problem is solved numerically with
successive acoustic, mechanical and electromagsiatiglations. The performance of the
method is investigated using both homogeneous aatistic numerical tissue models.
Phantom materials that mimic the electrical andtalgroperties of the fatty, fibro-glandular
and malignant breast tissues are developed. Thef ppb concept is demonstrated
experimentally on breast phantom materials usingegg measurement devices. A 5 mm
diameter tumor phantom inside fibro-glandular tssqphantom was identified at 25 mm
depth. Simulation results show that even smallerois can be detected inside breast issue if
specialized receivers and transmitters are usegeh Ehough the performance of the method
is investigated for breast tumor detection in thepg of this thesis, it can be used for
detecting tumors in the other organs that are miav@ and ultrasound penetrable.

Keywords: Medical Imaging, Microwave Imaging, BreaSancer Detection, Focused
Ultrasound, Elasticity Imaging, Finite Differencexe Domain Method
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HARMON iK HAREKET M IKRODALGA DOPPLER GORUNTULEME YONTEM i

TOP, Can Basl

Doktora, Elektrik ve Elektronik MuhendigliBolimui
Tez Yoneticisi: Prof. Dr. Nevzat Glneri GENCER

Eylll 2013, 126 sayfa

Meme kanseri tanisi icin yaygin olarak kullanilaramografi yonteminde iyonizan
radyasyon kullanimi, ygun meme dokusunda ayirt edici azalmasi ve hastaya rahatsizlik
vermesi gibi problemler bulunmaktadir. Bu nedenleybnteme alternatif invazif olmayan,
glvenilir, zararsiz ve hasta dostu yeni yontemkistirilmesi tGzerine argirmalar devam
etmektedir. Bu tezde, normal ve patojen dokulariastk ve elektriksel ozelliklerini
kullanarak meme timodrlerinin erken evredeshie edilmesini amaclayan yeni bir
goruntileme yontemi 6nerilmektedir. Yontemde odalirason dalgalarinirsima kuvveti
kullanilarak doku icinde titreyen kicik bir bolgarstiimaktadir.Dokuya ayni zamanda
mikrodalga garet uygulanmaktadir. Geri yansiyaaret tayfinda titrgmden dolay! Doppler
bileseni olmaktadir. Bu bilgen titreyen bdlgenin elastik ve elektriksel 6zédiine
baglidir. Doku icinde odak bolgesi taranmakta ve hiertirama noktasinda geri yansiyan
isaretin Doppler bilgeni algilanip glenerek gorintl okturulabilmektedir. Yontemin basit
meme modeli ile performansinin gelendiriimesi igin yari-analitik bir formuilasyon
gelistirilmistir. Doku icinde titreyen bolgeden sacingaretin analiz edilmesi icin (¢ boyutlu
Zamanda Sonlu Farklar tabanh bir yontem gelimistir. Akustik, mekanik ve
elektromanyetik benzetimler artarda yapilarak ilproblem sayisal olarak ¢ozulgtir.
Yontemin baarimi, homojen ve gercek¢i meme modelleri kullaakasayisal olarak
incelenmitir. Meme dokusunun elektriksel ve elastiklik 6#déirine benzeyen malzemeler
(fantomlar) geltirilmistir. Onerilen géruntileme yonteminin kullanilabilii gelistirilen
doku benzeri malzemeler Uzerinde genel test ekigmdtullanilarak deneysel olarak
incelenmitir. 25 mm deriniginde 5 mm capinda bir timér fantomu glandiler meme
fantomu icinde ayirt edilebilngir. Benzetim sonuglari uygun almag¢ devreleri
kullanildiginda gercek doku icinde daha kuguk tumorlerin dspite edilebilecgini
gostermektedir. Bu ¢ghna kapsaminda yontemin performansi meme kansdgspiti igin
incelenmg olsa da, mikrodalga ve ultrasoniaietlerin niifuz edebildi diger doku ve/veya
organlarda da kullanim potansiyeli bulunmaktadir.

Anahtar Kelimeler: Tibbi goérintileme, Mikrodalgargotileme, Meme Kanseri Tespiti,
Odakli Ultrason, Elastiklik Goruntileme, Zamandanl8o Farklar
Yontemi
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CHAPTER 1

INTRODUCTION

Breast cancer is the most common type of cancemgmamen. Officially 1.5 million
women were diagnosed to have breast cancer in 3@h80 [1]. Mammography is the
clinically accepted breast imaging method for bre@asnor detection, although it has
drawbacks such as reliability, patient discomfarid X-ray exposure. Mammography has
high false positives rates as %70-80 that leadsteecessary biopsies [2]-[4]. Detecting a
tumor in dense breast tissue is challenging siheetimors can be hidden inside fibro-
glandular tissue. In addition, ionizing radiatianused, which increases the risk of cancer
formation. Other methods such as Magnetic Resonbmaging (MRI) and Ultrasound are
not very common for use as they both have somediions [5]. Therefore, development of
complementary or alternative imaging techniquesreguired in order to increase the
accuracy in diagnosis. Electromagnetic imaging wathare evolved as a potential
alternative to mammography method. The primary aeaef that is breast tissue is
penetrable in RF/microwave frequency spectrum &eddielectric contrast between breast
fat and malignant breast tissue is high.

Imaging of biological tissues using electromagne#idiation has been a research subject
since the electrical properties of various tissum® discovered to be different.
Electromagnetic imaging methods can be categorizexdtwo according to frequency of
operation: Low frequency Contactless Electrical ¢agnce Imaging (CEIl) methods and
high frequency RF/microwave methods. In low freqyerCEIl methods, time-varying
magnetic fields are applied to the tissue, genertaing coils. Currents are induced inside
the tissue in response to the applied magnetid.fiehe amplitude of the induced currents
depends on the conductivity of the tissue. Tissulactivity distribution is reconstructed by
sensing the secondary magnetic fields that arergttkeby the induced currents inside the
tissue [6]-[10]. A quasi-static approach is use@nalyze the problem since the wavelength
of operation is very large compared to imaged subgmd displacement currents can be
neglected. Although penetration of electromagnetiaves inside the tissue at low
frequencies is good, the image resolution is low thularge wavelengths. To enhance the
resolution of electrical impedance imaging metholigprid acoustic-electromagnetic
methods are proposed, which combine high resolytioperty of acoustic signals and tissue
discrimination based on electrical conductivity. IHEffect Imaging (HEI) [11]-[14],
Acousto-electrical tomography (AET) [15], Magnetmasto-electrical tomography
(MAET) [16]-[18], Magneto acoustic tomography witlagnetic Induction (MAT-MI)[19]-
[20] are the names of different imaging methodst theake use of acoustics and
electromagnetics together. In HEI and MAET, anasitund wave packet is sent to tissue,
which is under the influence of a static magnegtdf Local acoustic vibration causes ions
to move in the tissue with a velocity. This in tuimduces a Lorentz Force, thus a current
that is proportional to conductivity of the tisswe]ocity of the ions, and magnitude of the
static magnetic field. A portion of this currentcsllected by electrodes or coils. MAT-MI is
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similar to reverse HEI. The tissue to be imagegusin a static magnetic field, and it is
surrounded by acoustic transducers. A pulsed mexgfield is generated inside the tissue,
and the acoustic signal generated in the tissué.dmgntz Force is sensed by acoustic
transducers. In AET, change in resistivity, duadoustical pressure which is proportional to
tissue resistance, is being sensed.

In all of these methods, resolution is higher thiam conventional Ell systems, and limited
by lateral and axial beamwidth of the ultrasoundevailthough high resolution is achieved,
it was shown that collected signals are non-zelly ahthe boundaries of regions having
different conductivity (because of the integratioinbipolar ultrasound wave package). If
there is a gradual change inside the tissue, ghissisible to the system.

The resolution of the imaging system can be ina@asing higher frequencies. However as
the frequency gets higher, the skin depth decre&smeertheless, breast tissue is penetrable
in the microwave frequency regime. Imaging of biial tissues especially for cancer
detection in RF/Microwave frequency spectrum isoarkesearch topic since malign tumors
have higher conductivity and permittivity valuesrthnormal tissues in this frequency range
[21]. In microwave imaging systems, high frequeptgctromagnetic signals are transmitted
to tissue using antennas and the backscatteredlsigne received by receiving antennas
[23]-[25]. The images are reconstructed revealingledtric distributions, rather than
conductivity distributions as in low frequency ingla@ce imaging, inside the tissue. In order
to enhance resolution to detect small malignanaiéisa wideband systems are proposed.
Hagnesst al. introduced a pulsed confocal microwave imagingesysoperating at 6 GHz
center frequency with 4 GHz bandwidth [26]-[27].aFe&t al also introduced a similar
system with a bandwidth of 20 GHz with 10 GHz ceffitequency [28].

At this point it is worth to mention about the aal of breast tissue, which is shown in
Figure 1-1. There are three main types of breasud: Fat, glandular (lobules, ducts) and
connective tissues. The amount of glandular tishanges from person to person. In the
mammography image, glandular tissues are as ogegjienors since they have low adipose
content. Therefore, it is difficult to diagnose thesence of tumor in glandular tissue using
mammography. The adipose (fat) content of tissuee affects their electromagnetic

properties. A large scale study on the dielectoastants of normal and malign tissues
reports that the dielectric contrast between thalthg glandular tissues and the malign
tissues is (Figure 1-2) low [34], [35]. Therefotamors inside glandular tissues are not
detectable using electromagnetic imaging methdds, a

The usage of contrast agents such as microbubblearbon nanotubes has a potential in
enhancing the contrast between malignant and notisslies [36]-[42]. These agents
accumulate in malignant tumors and change theitectiéc properties. Consequently,

imaging is performed before and after contrast agejection. Presence of a tumor is

detected by observing the change in the dieleptoperties. These studies are in the initial
phase and further studies are needed before theinuthe clinic.
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Figure 1-1: The anatomy of the female breast [Bg]Ratrick J. Lynch, medical illustrator;
C. Carl Jaffe, MD, cardiologist).

Another alternative to mammography is the remoipaiemn methods. Manual palpation is
used for breast examination to feel hard lumpsiesinmors are stiffer than normal tissues.
The Young's constant (Elastic constant) of the gmalissues are reported to be higher than
the normal breast tissues by a factor of 3 to 1J3[B&mote palpation methods such as
Acoustic Radiation Force Imaging (ARFI), Vibro-astegraphy, Shear Wave Elasticity
Imaging (SWEI) and Harmonic Motion Imaging (HMI),ake use of the radiation force of
ultrasound for imaging the elastic properties @& tissue with high resolution. In HMI, a
focused acoustic radiation force of ultrasoundsisduto make a locally oscillatory movement
inside the tissue [45], [46]. The displacement aigé at the focal region is measured with
an imaging ultrasound transducer using cross-aiioel techniques. Amplitude of the
motion, i.e. the maximum displacement, gives infation about the elasticity of the focal
region. For the same amount of radiation force sindglar thermal conditions, since the
tumor is stiffer than the normal tissue, the dispiaent of the tumor region is smaller than
the healthy tissues. The translation of these nalstho clinical usage is still in progress.

The idea of using elastic contrast in microwaveging is also proposed ([47] - [49]). In

[48] and [49], the tissue is excited by low fregoeifup to a few kHz) acoustic signals and
the scattered microwave signal due to boundarygeation of the tumor is calculated with
2-D FDTD simulations. It is concluded that with tlisage of elastic properties more
information about the malignancy of the tissue b@ngained compared to conventional
microwave imaging.



= Low (0% - 30%) Adipose-Content Tissue

80 i Medium (31% - 84%) Adipose-Content Tissue
""""""""""" ——High (85% - 100%) Adipose-Content Tissue

sob.... e LT Malignant Tissue
B
iy
= 40k,
2 -
5
2
o 30-
[&]
°
S 20t
2
a

10+

0 . . .
0 5 10 15 20
Frequency (GHz)
(a)

30

= Low (0% - 30%) Adipose-Content Tissue
------- Medium (31% - 84%) Adipose-Content Tissue
25| ——High (85% - 100%) Adipose-Content Tissue -
----- Malignant Tissue ,,f'/’

N
(=]

Conductivity (S/m)
&

20

1
Frequency (GHz)

(b)

Figure 1-2: Dielectric constant (a) and condugfiylh) for different kinds of normal breast
tissues and malignant tissue [72].

In this thesis, our aim is to develop a methodbi@ast tumor detection and screening that is
non-invasive, safe, reliable and patient friendlye propose a novel imaging method to
detect malignant breast tumors, particularly inndlaar tissues, using their electrical and
elasticity properties. We name the new method asnbiaic Motion Microwave Doppler
Imaging (HMMDI).

In the proposed method, local vibration is induireside the tissue using focused ultrasound,
as in the case in HMI method. At the same timeromi@ve signals are transmitted to the
tissue. Backscattered and received microwave signal phase and amplitude modulated
signal due to the effect of vibration. The firsespyal component of this signal, which differs
from the transmitted signal frequency by an amafntibration frequency, is sensed. The
amplitude and phase of the received signal dependke volume, maximum displacement,
and dielectric properties of the vibrating regidinthe vibrating region contains a volume
that has a different permittivity and/or elasticttyan the background, the scattered signal
level will be changed. 3-D images can be obtaingdstanning the tissue volume. The



proposed method has a potential to be used for rtiutatection in other organs such as
prostate and liver, as well.

This method has some advantages over electromagmetging and elastography methods
present in the literature. Firstly, better penairatdepth is achievable using microwaves
rather than ultrasound. Secondly, the responselased to both mechanical and electrical
parameters of the tissue. Therefore, more infomatis obtained compared to only
microwave or elasticity imaging, to localize malgm regions if present. Thirdly, the
method can be combined with microwave imaging aetectric and elastic properties can
be reconstructed at the same time yielding bettiesisvity and specificity.

The novelty of this method compared to earlier h/bmicrowave-elasticity imaging
methods given in [47]-[49] is that the tissue iscieed with focused high frequency
ultrasound signals, which inherently increasesrésmlution and makes it possible for the
detection of smaller tumors. In addition, it is fivet time in the literature that the feasibility
of a hybrid microwave-elasticity imaging methodrigestigated extensively. The method is
analyzed semi-analytically, numerically and expemally for breast tumor detection in the
scope of this thesis.

This thesis is organized as follows:

In Chapter 2, a semi-analytical solution for theaard problem solution of HMMDI method
is given. The received signal level from a vibrgtepherical scatterer inside simple breast
tissue model is analyzed. A commercial Finite Eletmdethod (FEM) solver is used for
mechanical simulations for which the effect of wtion frequency on the tissue
displacement amplitude is analyzed. The effect afrowave frequency of operation,
antenna placement, depth of tumor scatterer omett@ived signal is investigated together
with safety considerations.

In Chapter 3, a numerical solution procedure ferftirward problem in HMMDI method is
given. The procedure involves solving the acouktio@echanical and electromagnetic
problems successively. FDTD simulators for both Ima@ical and electromagnetic problems
are developed and verified.

In Chapter 4, performance of the method is investig with a homogenous numerical breast
model and a realistic numerical breast phantomgusiie developed numerical solution
procedure in Chapter 3. The effects of vibratioegtrency and the shear waves on the
received signal amplitude are given.

In Chapter 5, the development of realistic bredsinpoms for experimental analysis is

given. The elasticity, electromagnetic and ultrasqroperties for the developed phantom

materials are measured. Two breast tissue phardaoendeveloped for the experiments: One
includes three different sized tumor phantoms imbgeneous fat tissue; the other includes
fibro-glandular tissue phantom that has a smallotuimside.
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In Chapter 6, the proposed method is investigatgr@mentally on the developed breast
phantoms. The phantom materials are vibrated paating a FUS probe. Microwave

signals are transmitted to the phantom during sdwad excitation. The amplitude of the
received signal at the Doppler (vibration) frequersignal is sensed using a Spectrum
Analyzer. Experimental results are compared to ktion results. It is shown that the

proposed method is promising for detecting tumosglie fibro-glandular tissue.



CHAPTER 2

A SEMI-ANALYTICAL FORMULATION FOR THE HMMDI METHOD

2.1. Introduction

In this chapter, the received signal amplitude thua vibrating small spherical tumor in
homogeneous breast tissue is investigated. Theeseg signal from the tumor is calculated
semi-analytically in the MATLAB (The MathWorks, IndVA, USA) environment, using a
two-layer planar breast model The perturbation iefedtric constant due to the change in
density of the vibrating region [56] is not consilk Water filled open-ended waveguide
probes are assumed to be used for transmittingeareiving microwave signals. Waveguide
probes are assumed to be placed on the tissudén torget maximum coupling. Reciprocity
theorem is used in calculating the received sifpaath the tumor. The effect of microwave
operation frequency, tumor depth and probe aligriroarthe received signal amplitude are
given for a fixed vibration amplitude. Since thepested resolution of the system is high
because of the usage of ultrasound waves, a ndrao-microwave system is employed
rather than an ultra wideband (short pulse) systdoise bandwidth is made smaller to
increase the Signal to Noise Ratio (SNR) of theesysby this choice. Using a commercial
Finite Element Method (FEM) solver COMSQCOMSOL, Inc., MA, USA), displacement
amplitude of the vibrating region is calculated gorsample ultrasound configuration that
does not exceed ultrasound safety limits. The dtgyhent amplitude of breast fat, fibro-
glandular and tumor for vibration frequencies 05 ¥2z, 250 Hz and 500 Hz are calculated
assuming a linear elastic tissue model. The safietiie method is also analyzed in terms of
ultrasound and microwave exposure.

The proposed method utilizes ultrasound transdsicéo( generate local harmonic motion
inside the tissue. A microwave transceiver systghich has separate dielectric-filled open-
ended waveguide antennas for transmitting and vieceimicrowave signals, is utilized
(Figure 2-1).

2.2. Generation of Harmonic Motion Inside The Tissue

The tissue is vibrated by a focused ultrasoundsttacer with amplitude modulated signal.
Alternatively two focused transducers driven withregjuency difference dfw can be used.
When a tissue is exposed to ultrasound radiatiamidirectional force acts on the tissue,
which is caused by the momentum transfer from twustic signal to the medium [55]. The
direction of this force is in the direction of pegmtion. In the biological tissues, acoustic
attenuation is mainly caused by absorption, anddiee applied to tissue can be written as
[57]:
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Figure 2-1: lllustration of the proposed Harmoniotdn Microwave Doppler Imaging
System. Local harmonic motion is generated by touded ultrasound probe. Microwave
radar is employed for detecting the received signgblitude at the Doppler frequency.

wherea (1/m) is the absorption constant of the tissué\/cnt ) is the short-term time
average intensity of the acoustic bedin(m/s) is the speed of ultrasound in tisBuis. the

force per unit volume (kgfsnt).

The pressure of the amplitude modulated acoustimte the focus can be written as [46]

P(t) = Py cos(Aw/2t) cos(wyt + @) (2-2)

wherePy is the amplitude of the pressure waxe/2 is the modulation frequency, aad is
the carrier frequency. The short-term time aveiatgnsity of the beam can be expressed as
(2-3)

[55] :
Ps
I = (1 + cos(Awt))

4pcg

wherep is the density of tissue.

Elasticity parameters, Young's Modulus) (@and Poisson’s ratio/) of the tissue is related to

the displacement of the tissue and radiation foycgb4]:



_2(1-v)*Fn, (2-4)

E
XoA

whereF is the acoustic radiation force given in(2-,),is the radius of the beam at the
focus,A is the cross sectional area of the beam at thesfidg is the maximum displacement
of the tissue. The acoustic beam radigigan be defined as half of the full width at half
maximum (FWHM) intensity beamwidth at the focudlie axial direction. Assuming axial

symmetry for the intensity, the cross-sectionabhawé the beamA) is the area inside the

FWHM circle, i.e. A = nr2.

For a sinusoidal excitatidf(t) = Fycos(Awt), the local tissue in motion can be represented
by a circular piston and the displacement is givefb5]:

Focos(Awt) (2-5)

X)) = Ao = Xycos(dwt + @)

whereZ is the mechanical impedance of the tissue.

The peak value of local displacemedy, depends on the mechanical properties
(elasticity/stiffness) of the local tissue as weadl the intensity of the ultrasound. It is not
straightforward to calculateX, analytically since complex mechanics is involved i

biological tissues. Approximate analytical methadsnumerical tools such as FEM are
generally used for simulations [58].

The electromagnetic problem is formulated, andtgmiustrategies are proposed in the next
subsection.

2.3.  Electromagnetic Problem: A Semi-Analytical Solution

The problem of open-ended waveguide or box homacgires radiating in layered lossy
medium is analyzed for two layered [59], and thi@gered tissue models [60]-[62] for

hyperthermia applications. In this study, plane-evapectral approach used in [61]-[63] is
adopted. In [63], the solution is given for onedgyand in [60], for three layers. In this

study, tissue is modeled by two homogeneous lag&ins:and normal breast tissue. Spectral
solution used for calculating radiated fields angtuml coupling between antennas is given
for the two layered tissue model. The problem gegome shown in Figure 2-2.

In order to couple the energy radiated from thenegreded waveguide to the tissue,

dielectric loading is necessary. Water is usediliisgf material for the waveguide for this

purpose. Tl mode is assumed to be present on the apertuteeofdveguide. Therefore,

the broad-wall (a) and the narrow-wall (b) dimensi@f the waveguide should be selected

to justify TE, mode. The thickness of the waveguide is takeneas. ZThe aperture is
9



assumed to be radiating in infinite ground plandhed the electric field is zero elsewhere
[63]. The electric field at the aperture isirdirection. The field radiated by the waveguide
is known to be TE t& andy everywhere [60], [64].
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Figure 2-2 Problem geometry for the semi-analytical solutidMaveguide aperture is
radiating into two-layered lossy half space. Geoynektends to infinity for £,y and £
directions. Waveguide broad-wall and narrow-walhensions are and b, respectively.
Wall thickness of the waveguide is zero. Thicknashe skin igl.

The electric vector potential can be written as:
Ap = GpX + Y% (2-6)

Wherex andy are the unit vectors ifi andy-directions.¢,, andyr,are the solutions of the
wave equation in thé'fayer.

(V2 + k2) {j’;z} =0 2-7)

wherek,, is the complex propagation constant in tfidayer.

The spectral representationsdgfandys,,can be written in terms of the incident and re#idct
fields in region 1, and only the transmitted figidegion 2, since it extends to infinity:

CI)n(kx,ky:Z) _ +00 q)n(X,y,Z) kX ajkyx
{q,n(kx’ k,, Z)} = I, {wn(x’y’ z)}e] kv dk, dk,, (2-8)
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In Region 1:

{‘b1 (ky ky, Z)} _ {ch (kx, ky)} e ikaz 4 {Rq)(kx' ky}} etiksz (2-9)

ket (er Ky, Z) Iy (kx' ky) Ry (kx' ky)

In Region 2:

(2-10)

{q>1(kx, ky, z)} _ {Tq,(kx, ky)} otz

¥, (ky ky, 2) Ty (kx Ky )

wherek, is the propagation constant #adirection, andk; is the propagation constant ja
direction, Iy, and I, are the incidenkq, and Ry, are the reflected anfly, and T, are the
transmitted plane wave spectrums.

The electric and magnetic fields are given by:

E=-VxA, (2-11)
(2-12)

1 — -,- @ —
ot n A = V(T An)]

H=

wherey, is the permeability of the free space. The eledtelds in region 1 can be written
as:

Ex,xy,2) =
1 +o00
=z f f [—ikzaly (ky ky)e 7512 + jk 1 Ry (ke ky ) eTK1Z] eTTRax e TR0 gk dk,  (2-13)
E, (xyz) =
ﬁ I 2 [k Lo (K ey e TK01% — kg Ry (Ko, ky e Enn%] e Tl e TR0V gk dk,, (2-14)
E,xy2) =

+0o0
1 . : . :
~ f f ik [Ly (ky, Ky Je K% + Ry (Ko, ky Jeie17] eTxe Ry gk dk,,

1
412

+ ff_*o‘jf’ —iky [Ip (Ky, ky)eTK21Z + Rg (Ko, ky e K217 e kxe Iy gk, dk,, (2-15)
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Similarly, the electric fields in region 2 can bétten as:

E.,(Xy,2) = 4% I 2 =ik o Ty (ks ey ) TRz ]e e e TR0y g dc,, (2-16)

1
412

Ey,(%,2) = — [|" o [+ik,2To (ky ky e Tz?|eTx e TRy gk dk,, (2-17)
1 +00
E,(xy.2) = -7 f f —jke [Ty (ks ky e TK22] e7TeXe 0¥ gk dk,

1 f (2-18)
+ m ff _]ky [T(D (er ky)e_jkzzz] e—jkxXe—jkyydkxdky

Magnetic fields can be written similarly using (2}1Since Tk, mode is assumed to be
present at the aperture of the waveguide, thergldild at the aperture is of the form:
E,(x,7,0) = ag(1 + Meos() (2-19)
E,(x,y,0) =0 (2-20)

whereg, is the mode amplitude at the waveguide surface, largdthe reflection coefficient
at the waveguide-skin interface. The plane wavetspen regions 1 and 2 can be solved

using the continuity of tangentiﬁl andH fields at the boundaries:

Exi(xy,d) = Exz(xy,d) (2-21)
Eyi(xy d) = Eya(xy,d) (2-22)
Hy1(xy, d) = Hyz(xy, d) (2-23)
Hy;(xy,d) = Hy2(xy,d) (2-24)

Equations (2-25) to (2-24) are simultaneously slfe incident, reflected and transmitted
plane wave spectrumsy, I, Ry, Re, Ty, T from which electric fields and magnetic fields

are computed. Electric fields are computed usin@-13) to (2-18), where the integrals are
computed numerically. Simpson’s rule is used ferribmerical integration.

Self and mutual admittance of the transmitting sewiving waveguides can be written as:

(2-26)

. / Waveguide
Aperture(i)
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wherePjis the Poynting vector on the waveguide surf&is, the surface of the waveguide.
|Vi_j|is the voltage on the waveguide surface, which lmamade unity with the choice of

normalizing constand, = \/% in (2-19). Using Parseval's theorem, (2-26) canaitten

as:

+00
1 *
Yij = m ff Exi 'Hyj dkxdky =
—co

1 +oor . * [(ka?—ky?) —jkz12 +jkz12
— [ —jkzy (— A 2D .
I [ Jkz ( Ly +R¢)] [ T (Iwe JnZ + Ryetta )] dkydk,

472
(2-27)
Wave impedance in the waveguide is given by [65]:
1 Aw (2-28)
Yo = To0n VW,

g

wheree,, is the relative dielectric contant of the wavegufdling material,1,, is the free-
space wavelength of the waveguide filing materigl.is the guided wavelength in the
waveguide with filling material.

Scattering parameters for the input reflection ideht (S;;) and the coupling coefficient
(Sz1) between transmitting and receiving waveguiderards can be calculated using:

S — 1 - Yll/YO (2'29)
BT 141 /Y,

, Yo1/Yo (2-30)
(1 + Yy, /Yp)2 — Yoq /Yp°

S21 -

2.4.  Validation of the Semi-Analytical Solution

The semi-analytical solution is implemented in MAAR, and its results are compared with
the results of a commercial Finite Integration TiBemain (FITD) numerical solver, CST

Microwave Studio (CST of America, Inc., MA, USA)h @ sample problem. The geometry
of the problem is shown in Figure 2-3. The paramnsetesed in the sample problem are
shown in Table 2-1. For the semi-analytical solutitne integration limits are chosen so that
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the contribution of the outer portion is negligibleis found that it is enough to integrate
bothk, andk, from -2500 rad/m to 2500 rad/m since the contrdyubutside this region has
negligible effect on the computed value. The ira@grhas a pole &=0. Thus, integration
boundaries fok, are taken as [-2508}U[§,2500], whered is 10° rad/m. The step size is
also optimized to get the correct value with latgeep in order to reduce the calculation
time. It was decreased until the amplitude of théidid is converged within 10 of the field
value at the aperture of the waveguide. The optithatep size used in the integrations was 5
rad/m. The cut-off frequency of the waveguide psolzecalculated to be 1.25 GHz, for the
waveguide dimensions given in Table 2-1.

In CST simulations, to simulate the infinite exteritthe medium, the boundaries of the
problem are terminated with Perfectly Matched Layeall directions. The mesh size in the
problem is set t&/18 in &, y andZ directions. The mesh size is adaptively decreésed
M10 in order to get 0.005 convergence in the Sypaters. Results are calculated with ports
de-embedded to the aperture of the waveguides.

Figure 2-3: Sample problem geometry (CST MWS). Txafismitting) and RX (Receiving)
antennas are placed on two layered medium. Bowxlamie terminated with Perfectly
Matched Layer (PML).

The electric field components, Bnd E normalized to the electric field at the antenna
aperture are calculated at the midline of the waidegs semi-analytically and numerically.
They are plotted as a function of depth in Figu# fdr comparison. The value of electric
field at the aperture of the waveguide is takereolV/m for both solutions. The semi-
analytically and numerically calculated values ftite magnitude of the ;S and
S;)parameters are given in Table 2-2. The electrid fi@lues and the S-parameters found
consistent using both solution techniques.
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Table 2-1: Parameters Used in the Sample Problem

Frequency GHz 5
a(mm) | 13.7
b(mm) | 3.4

Thickness of the skin layer d(mm) |2

Waveguide dimensions

Distance between transmitting

and receiving waveguides s (mm) | 20

Skin[22] | 39.61-j12.86

_ . . Fat [72] _
Relative dielectric constants 4.48-j0.75

Water 77.15-j15.86

-10 T T T
~. Ex (Analytical)
151 - N — —Ex (Numerical -CST)
50l oL Ez (Analytical)
" —-—-Ez (Numerical -CST)
@ 25
z
o -30
=
=
£ 35-
a
£ a0t
451
-50-
55 : ' ' '
0 10 20 30 40 50

Depth (mm)

Figure 2-4: Normalized E-field components at theltime of waveguides obtained with
semi-analytical and numerical solvers.

Table 2-2: Comparison of S-Parameters from Semiyioal and Numerical Results

Parameter | Semi-Analytical (dB) Numerical (dB)
Si -10.72 -10.65
S -28.34 -28.77
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2.5. Received Signal Due To Electrically Small Tumor

In the proposed system, the receiver is sensibvehé signal scattered from the moving
region in the tissue. In order to calculate theenesd signal, static problem is considered
first. The effect of the harmonic motion of the dbecegion will be added next. In the static
problem, it is assumed that the tissue is homogeneand a spherical tumor is introduced
with different electrical permittivity into otherg@ homogeneous tissue. If the diameter of
the tumor is much less than the wavelength of djmerathe polarization density inside the
tumor can be written as [66]:

Bep(ee —&p) = (2-31)

l_))
= & .
gt 2 gb o0rinc

whereg, is the permittivity of the free spacsg,is the relative permittivity of the tumey, is

the relative permittivity of the surrounding mediuEf,. is the incident electric field on the
2mc

w/ep’
speed of light. The diameter of the tumor usedis $tudy is 3 mm, which is about 1/16f
the wavelength inside breast fat at 5 GHz.

tumor. The wavelength inside the tissue can beutaled ash, = wherec is the

The tumor can be modeled with a polarization curdermsityf =jw13. The received signal
due to this current density can be found using hiareeciprocity theorem (Figure 2-5 ):

Gepav= [ (B =M ds (2-32)
Tumor Waveguide
Volume surface

Wheref2 isthe electric current density representing tmecu EZ andﬁzare the electric and
magnetic fields radiated by this current densitytloe waveguide surface. In the reciprocal

problem El andf_flare the electric and magnetic fields radiated leyréteiving antenn;;f1
and1\71)1 are the electric and magnetic current source tyeosithe waveguide surface.
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Waveguide

Waveguide
= =2 < > >
E..H, /Surface I, M,y /Su:rface
Skin Skin
Breast i Breast N
Tissue - Tissue E,.H,
Tumor Tumor
Original Problem Reciprocal Problem

Figure 2-5: Illustration of the original and theigrocal problems.

The right hand side of (2-32) is the coupling adamte of the dipole to waveguide
multiplied by the voltages of the transmitting aneteiving waveguides. The mutual
admittance of the dipole and the receiving anteamebe written as:

S S 2 Beplep—€p) — — (2-33)
E - J,av = E]weot—EmC.Elv

Yy = — f
21t |V1||V2|Tumor € + 2€p

Volume

where|V; |and|V,| are the voltages of the transmitter and receiareguide aperture fields,
and v is the volume of the tumor. In (2-33), if the febmplitudes on the waveguide

apertures are made unity, normalizing constﬁ can be applied to both receiving and

transmitting antennas, in order to have unity \g@tat the apertures. Then the coupling
admittance between the tumor and the receivinghaatean be written as:

2 3ep(er — &) = — (2-34)

Y1 = —jwegv e
21t ab] 0 e + 2¢, inc- L1

The coupling S-parameter due to tumor can be ckedlin a similar manner as in (2-30):

2 Y21:/Yo (2-35)
(1 + Y11/Y0)? — Yar, /Yo’

Sz1t =

The signal at the receiving antenna when the witnag radiation force is applied will also
depend on the displacement amplitude of the moraggon which is given by (2-5). In the
next section, the effect of vibration on the saatesignal is discussed.
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2.6. The Effect of Vibration

When the tissue is illuminated by ultrasound fomianic motion, assuming the vibrating

region occupies the electrically small sphericahdu and the whole volume of the tumor is
in harmonic motion, the phase and amplitude ofsitegttered signal changes harmonically
with the frequency of vibration.

In the system, an interrupted continuous-wave niese@ signal is transmitted to the tissue
which has a local harmonic motion at the regiotheffocus of the ultrasound transducer. If
the output signal from the transmitter antenn8yig(t) = A cos(w,,t), the scattered signal
at the receiving antenna due to vibrating dipole loa written as:

4R )
Srx(t) = B[1 4+ M sin(Awt)] cos (wmt + % + K Sin(Awt) + Q)) (2-36)

whereB is the magnitude of the received signal for theecwithout vibration, R is the
distance from antennas to locally vibrating tunagy, is the operating frequency of the
radar,Aw is the vibration frequency of the tissi,andK are the change in amplitude and
phase of the signal respectively. It is assumetthigatumor is displaced a maximum amount
of X, and the vibrating region is on the mid-plane betwé&mnsmitting and receiving
antennasX, is in the order of micrometers and the effect mphtude modulation (M<<1)
can be neglected. The cosine term in the rightl Isésle of (2-36) can be expressed as:

4mR ) 4mR )
cos (oomt + E + K sin(Awt) + Q)) = cos (wmt +0+ T) . cos(K sm(Aoot))

4R

—sin(wmt+®+ n

) . sin(K sin(Aoot)) (2-37)

Since K is very small (K<<1), cosine and sine teremulting from the displacement can be
written as:

cos(K sin(Awt)) ~ 1 (2-38)
sin(K sin(Awt)) ~ Ksin(Awt) (2-39)
Equation (2-37) can be written as:

4mR )
cos (wmt + e + K sin(Awt) + Q))

4mR )
= cos(u)mt+(z) +T) —sm(oomt+(2)+

4mR

7 ).Ksin(Amt)
(2-40)
The scattered signal is then:
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Spx(®) = B{cos (oomt+ 0] +$) +§ cos (u)mt— Awt +$ + (p) —gcos (u)mt+

Awt+%+ (p)}

(2-41)

The scattered signal has a component at the opgfatj,,) frequency and also two different
main frequency components at,{ + Aw) and (v,, — Aw). The component of the received
signal atw,, angular frequency may practically be very small pared to clutter and
leakage. SincAw is known, Doppler filters and other componentshia receiving circuitry
can be optimized for sensing this frequency compbrikhe bandwidth of the receiver, thus,
can be made minimum to increase SNR.

Since the Doppler frequency is known beforehangnadi can be down-converted and
filtered. Using (2-35) and (2-41), coupled signadpditude at the Doppler frequency is then
given by:

Vo1t

Yo K
2

(1+252)"  2ae?
Yo

S; 1t,doppler = -2 (2-42)

In general, for any position of the tumor with respto theantennas including the near field
region, maximum deviation in phase K should beudated for a given Xusing the phase

of S,1.(2-35).

2.7. Mechanical Problem

To solve the mechanical part of the problem, satielchanics module of commercially
available finite element solver COMSOL Multi-physiés used. The acoustic intensity
distribution inside the tissue generated by thaided ultrasound probe is obtained by the
HIFU simulator tool developed by U.S Food and DAdministration (FDA) [67]. This
MATLAB tool solves axi-symmetric Khokhlov-Zabolotaka-Kuznetsov (KZK) equation
[68] in the frequency domain. A transducer that Bdscm outer radius, 1 cm inner radius,
and 6 cm focusing depth is simulated at 3.3 MHz0 harmonics are included in the
simulation. 3.5 cm water layer is assumed to beeurebetween 5.5 cm normal breast (fat)
tissue and the transducer. The focus of the tramsds at 2.5 cm depth inside the tissue.
From the simulations, the axial and lateral intgnbieamwidths are obtained as 6.75 mm
and 0.48 mm, respectively. Spatial peak-pulse geeralue of intensity &ps for the
amplitude modulated ultrasound beam is 175 W/cne2ddrmalized intensity map obtained
using this simulation is given in Figure 2-6. Tloeck due to this intensity is applied to the
tissue sinusoidally, using (2-1), as a volume blodyl, for frequencies 100 Hz, 250 Hz, and
500 Hz. Since the beam is axially symmetric, agiahmetry is assigned to the mechanical
problem in order to reduce the computational cbse loss in the intensity of the ultrasound
beam due to the presence of the skin layer antuther is not taken into account since the
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reflection due to acoustic impedance mismatch aaith% in soft tissues [69]. By this way,
the displacement is analyzed for the same amoualirafsound intensity at the focus in all
cases.

Breast tissue is modeled as a homogeneous mdiaxislg a Young's constant of 5 kPa and
a Poisson’s ratio of 0.495. The chosen value ofngai constant is between the reported
mean values of normal breast fat/fibro-glandulasue and fibro-adenoma tissue [44].
Tumor is modeled as a sphere of radius 1.5 mm bavioung’s constant of 20 kPa and a
Poisson’s ratio of 0.495. This value is the repbrteean value for intermediate-grade
invasive ductal carcinoma [44]. The other paransetesed in the simulations are listed in
Table 2-3. Two shapshots at the first and the smrximum displacement instants for
normal breast tissue at 250 Hz difference frequeareygiven in Figure 2-7. The resultant
displacements for the normal breast tissue atitbepgeak focal displacement are plotted for
the lateral and axial cuts in Figure 2-8 (a) anyd (espectively. The displaced region width
(DRW) can be defined as the width of the region netthe displacement decreases to a half
of the displacement at the focal point. The latarad axial DRW values are given in Table
2-4 2-4. DRW is larger than the intensity beamwidthexpected. DRW can be used as a
metric to assess the imaging resolution of the ouktht is greater in the axial direction.
Therefore, the resolution relatively low (8-13 mm)the axial direction. However, higher
resolution (1.5-3 mm) can be achieved in the latdiraension. The beam properties of the
transducer affect the resolution of the system, @sidg larger transducers, it is possible to
decrease the DRW to achieve high resolutions. Heweas the DRW gets narrower, the
scattered electromagnetic power at the Doppleufrgy is decreased since the displaced
portion of the tissue is smaller.

1.00
0.86
0.71
0.57
0.43
0.29

0.14

Figure 2-6: Axially symmetric ultrasound intensityormalized) map inside the tissue for
mechanical simulations. A focused ultrasound transdis placed aty-end. 3.5 cm water
layer is not shown.
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Because of the induced shear waves due to vibratlogre are some ripples in the
displacement map (Figure 2-7 (b)). This is undésraince these waves may also change
the phase and amplitude of the scattered electnosti@gwave. Lateral cut displacement
distribution for the late time peak is plotted iiglre 2-8(c). The effect of shear waves may
be significant since the displacement outside thmug goes up to 30-40% of the focal
displacement. This effect should be investigatedeadistic numerical simulations. If they
are effective, one solution may be limiting theation of the ultrasound wave and taking the
electromagnetic measurement data in the first fgskes of the displacement.

The attenuation constant and the elastic constard bpposing effects on the displacement.
For tumor, high attenuation constant increasedlitiglacement while high elastic constant
tends to decrease it. Fibro-glandular tissue hgk hitenuation constant, but lower elastic
constant compared to the tumor that lead to highsplacement values. For fat tissue,
attenuation is smaller, which results in a smatlemplacement. The results in Table 2-4
include these effects. Although the attenuatioru@abf the tumor is greater than the
attenuation value of the fat tissue, the displacersefound to be smaller since the ratio of
elastic constants (1:4) dominates over the ratiatt@dnuation constants (1:2.3) for fat and
tumor tissues. Fibro-glandular tissue has the HRighdisplacement values since the
attenuation coefficient is greater. This is dededor especially detecting tumors located
inside the fibro-glandular tissue. Another impottabservation is that the displacement of
the tumor is nearly halved when the frequency éseased by a factor of two. However, this
is not the case for the normal tissues. The rdtibedisplacement for fibro-glandular tissue
and the tumor is given in Table 2-4 for differemtigation frequencies. This property can
also be used to distinguish tumors from normal uéssin conjunction with the
electromagnetic scattering properties.

Table 2-3: Parameters Used in Mechanical Simulation

Ultrasonic attenuation[70]

Breast tissue 5 kPa
Young’s Modulus[44]
Tumor 20 kPa
Poisson'’s ratio All tissues 0.495
Breast Fai 0.34 dB/cm/MHz

Fibro glandular

1.5 dB/cm/MHz

Tumor 0.79 dB/cm/MHz
Breast Fat 1479m/s
Ultrasound speed[71] Fibro glandular 1553 m/s
Tumor 155Cm/s
Focal width (FWHM) of the transducer 0.48
Focal depth (FWHM) of the transducer 6.75
Intensity (I sppa) Of the ultrasound beam 175 W/m2
Number of elements in the Finite Element model 4308
Maximum element size in the Finite Element mod: 0.8 mn
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Table 2-4: Displacement beam widths and maximumplaigment values

. . . Displacement
Fre Lateral | Axial | Displacement| Displacement 'SP of Ratio
a DRW |DRW | of the tumor | of fat tissue | . .
(Hz) mm) | (mm) (um) (um) fibroglandular | (tumor/fibroglandular)
H H tissue um)
125 3 12.6 2.94 4.8 8.75 2.97
250 2.2 9.6 1.55 1.8 7.5 4.83
500 1.4 8.2 0.7 1.65 5.25 7.5
Time=0.0016 Surface: Displacement field (pm) Time=0.0215 Surface: Displacement field (pm}
! T 4519 4 7.555
0.05 - o 005 =
5
7
0.04 - | 0.04 - =
a [
5
0.03 - 5 0.03 - |
3
y(m) y(m) -
0.02 g | 2 0.02 - . g |
2
0.01 - T E 001 - 1
1
1] o
0r 1 0+ -
1 1 1 v -004 1 . ) v -0026
(o] 0.01 002 (4] 0oL 0.02
x{m) x(m)
(a) (b)

Figure 2-7: Snapshots at the maximum displacernmetant for normal breast tissue at 250
Hz vibration frequency at the first displacemeralpéa), and the sixth displacement peak (b)
at the focus.
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Figure 2-8: Normalized lateral (a) and axial (tlgpdacement cuts for the first displacement
peak at the focus. Normalized lateral displacenf@anthe late time displacement peak at the
focus (c).

2.8. Results

The received microwave signal amplitude, which dep®n the electromagnetic and
mechanical properties of the breast tissue, arsepted in this section for different
scenarios, using the formulation given in the prasisections. In order to obtain realistic
results, dielectric and elastic properties of theabt tissue used in the solutions must be
accurate. In a large scale study for the dielegraperties of the breast, tissue is grouped
into three types according to the adipose contemtwhich the dielectric properties are
different ([34]-[35]). Tissues with low adipose,gher fibro-connective and glandular
content have higher dielectric constant (approachammalignant tissues) whereas tissues
having high adipose content have lower dielectitstant. In this study, the two-pole Debye
model presented in [72] is used. For the skin layeat skin dielectric properties [22] are
used. Water filled open ended waveguide probesised for microwave signal transmission
and reception. The vibration amplitude is take@.&qum in the analyses, which is similar to
the 125 Hz displacement amplitude value of tumdaioled in Section 2.7.

When the tissue is exposed to focused ultrasounldaiomonic motion, the locally displaced
region is in the form of an ellipsoid. As seen igufe 2-8, this region is larger than the focal
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dimensions of the transducer. It is narrower in di&l direction and broader in elevation
and lateral directions. The malignant region maydaally or partially inside this ellipsoid,
or it may be larger than the ellipsoid, dependingtte dimensions of the malignant region,
frequency of ultrasound and transducer dimensitmghis study, the malignant tissue is
assumed to be spherical, small and totally indiéddcally displaced region.

2.8.1. Microwave Operation Frequency

The selection of the microwave operating frequeikyan important parameter which
directly affects the received signal amplitude. rElffigre, optimum value for frequency
should be chosen. The geometry of the problem stttk analysis is shown in Figure 2-9.
The Doppler frequency component of the receivedaigt the receiving antenna aperture is
plotted as a function of frequency in Figure 2-D8 @ifferent breast tissue types using
(2-42). In the analysis, transmitting output povged Watt, the tumor has 1.5 mm radius,
and depth of the tumor measured from the top ofstie layer is 3 cm. The maximum
displacement of the tumor is 2u.

The transmitting and the receiving antennas arenasd to be water filled waveguides
having broad-wall size of 2, (A,: electromagnetic wavelength in water) and narrcail w
size of 0.5\,. By this choice of waveguide dimensions, electreggerture size for each
frequency remains constant for comparison. Thewdis measured between the near edges
of the antennas is 2 cm.

The results show that if the tissue is mostly fatfptimum choice of microwave frequency is
nearly 5 GHz. The waveguide aperture dimensiond &2 mm x 3.4 mm for this frequency.
The magnitude of the received signal decreases ore than 3dB between 3.25-7 GHz
bandwidth. For high and medium adipose content¢issoptimum frequency of operation is
2.1 GHz and the signal decreases no more than &tiBebn 1.75-3.25 GHz. Maximum
level of the received signal for the low adiposateat tissue case is nearly 15 dB lower than
the high adipose content tissue case. This is w@tre higher attenuation property of the
background tissue, as well as the low permittidtifference between the tumor and the
surrounding tissue. Note that this is the worseca®nario as whole of the tissue is assumed
to be low adipose content tissue. Since, the optinoperation frequency is different for
high and medium-low adipose content tissues, a @uainultiple) frequency system which
operates at 2.1 GHz and 5 GHz may be preferablaefi@cting tumors in all kind of tissues.

In practice, data can be taken for both frequeng¢ibere may be also intermediate
frequencies) and the frequency for the best SNRopeance can be used to generate the
image, since tissue adipose content varies inkiglégsue.
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Figure 2-9: Geometry for the microwave operaticggérency analysis. Spherical tumor of
1.5 mm radius is introduced at 3 cm depth measioad the top of the skin layer.

2.8.2. Tumor in Fibro-glandular Tissue

What if the tumor is located inside a low adiposatent tissue for which the dielectric
properties are similar to the malignant tissue {Fég2-11)? This case is investigated
assuming most of the tissue has high adipose dpraed neglecting the attenuation of the
fibro-glandular tissue. The backscattered signahiss only affected because of the low
contrast of permittivity values between the lowpadie content tissue and the tumor. The
signal level is found to be only 4 dB lower thae ttase that the tumor is located inside high
adipose content tissue in this case. This reswoltvstithat the method is capable of sensing
the signals from the tumor even if it is in fibragdular tissue. Note that the fibro-glandular
tissue is also a scattering source and the distaitoin of tumor inside the fibro-glandular is
discussed in the following subsection.

-110

—High Adipése Contént Tissule
-115+ — — Medium Adipose Content Tissue
— - — Low Adipose Content Tissue

-120+

-125¢

-130+

Received Power (dBm)

-135F

-140

Frequency (GHz)

Figure 2-10: Scattered signal level (at the Dopfilequency) as a function of frequency for
different tissue types. Solid line (-): high adipasontent tissue, dashed line(- -): medium
adipose content tissue. Dash dotted line (— -ev. &dipose content tissue. (Tumor radius:
1.5 mm, tumor depth: 30 mm, probe separation: 20 pnobe alignment: E-plane, max.

displacement of tumor: 245m).
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Figure 2-11: Geometry for the case, in which thaduis inside low adipose content tissue.
Spherical tumor of 1.5 mm radius is introduced atBdepth measured from the top of the
skin layer, inside the low adipose content tissue.

2.8.3. Replacing the Tumor with a Spherical, Electrically Small, Low Adipose
Content Tissue

During a scan, if there is an increase in the vecksignal level, it may be due to a low
adipose content tissue or tumor. In order to ma#feasion about malignancy, the vibration
frequency response can be used. If the frequendlieoharmonic motion is increased, the
maximum displacement of the local region decreasdsstantially if the focus is at the
malignant region (Table 2-4). A benign/malign demiscan be made by comparing the
difference between the signal levels obtained fromo or more harmonic motion
frequencies. Therefore, it is better to have aesystapable of acquiring multiple frequency
harmonic motion images in order to get reliableultssfor tumor detection. In addition,
when the ultrasound is focused inside a fibro glderd region, scattering from the
boundaries of the fibro-glandular tissue increasesbackscattered signal at the Doppler
frequency. If there is a tumor inside the fibrorglalar region, when the ultrasound is
focused on it, the displacement and the backsedtt@gnal level will decrease.

2.8.4. Distance and Alignment of the Waveguide Probes

The distance between waveguide probes and thejnmaént (Figure 2-12) affects the
received signal level and the coupling between ggoReceived signal level at the Doppler
frequency component is plotted in Figure 2-13 dartion of probe separation, for two
cases in which the probes are aligned in theiromawall direction (E-plane) and broad wall
direction (H-plane).
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Figure 2-12: Geometry for E-plane and H-plane Aigmt of Waveguide Probes

It is better minimize the probe distance for botpess of alignments. However, for the E-
plane alignment, one must be careful about thel logaima caused by the polarization
mismatch between probes. Consequently, H-planarakgt is considered as a better choice.
In practice, especially due to phase noise, thestngtted signal will have a spread spectrum
that also falls in the Doppler frequency range t&# toving region. Because of this, the
directly coupled signal may mask the scattered Dwpfrequency signal. Thus, it is
desirable to have high isolation between the probegire 2-14 shows the ratio of direct
coupling between the probes to the scattered sfgmal tumor at the Doppler frequency for
both cases. Directly coupled signal from the trattgmg probe is found to be 20 dB to 35 dB
higher for E-plane aligned probe than the H-pldigneent case.
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Figure 2-13: Scattered signal (at the Doppler feemy) as a function of antenna distance for
E-plane and H-plane aligned antennas. Solid lifje plane alignment, dashed line (- -):
E-plane alignment (Tumor radius: 1.5 mm, tumor de@0 mm, max. displacement of
tumor: 2.5um, TX Power: 1 W).
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Figure 2-14: Direct probe coupling to the scattesigghal (at the Doppler frequency) ratio as
a function of probe distance for E-plane and H-plahgned probes. Solid line (--): H-plane
alignment, dashed line (- -): E-plane alignmentnidu radius: 1.5 mm, tumor depth: 30 mm,
max. displacement of tumor: 2ufn).

2.8.5. Effect of Tumor Depth in Received Signal

The received signal level for a spherical tumgpledted as a function of tumor depth for E-
Plane and H-Plane probe alignment in Figure 2-16 f5 mm tumor radius, 2.pm
maximum displacement, 20 mm probe separation, 5 Gefyuency, 1 Watt TX output
power). The received signal level for the E-plahignaent case is higher than the H-plane
alignment case when the tumor is near to the seidado 15 mm. The signal level decreases
for higher depths because of the polarization mish&s. However, since the phase gradient
is larger at this point, the local minimum (i.eetdecrease in signal level at the Doppler
frequency) is not severe. The signal level themtstip decrease monotonically with 0.6
dB/mm. In the H-plane aligned probe case, the sigwal is too low at the surface, which is
caused by the small phase gradient. It increastiseadepth is increased to 15 mm. There is
no polarization mismatch in this configuration @nthe electric fields of receiving and
transmitting probes are parallel everywhere. Fatltebeyond 25 mm, the response for both
alignments is similar. It can be concluded that Ehplane alignment is better in terms of
received Doppler signal amplitude, especially fwalw regions.
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Figure 2-15: Scattered signal (at the Doppler fezmy) level as a function of tumor depth
for 5 GHz frequency with E and H plane probe alignis. Solid line (-): H-plane
alignment, dashed line (- -): E-plane alignmentniou radius: 1.5 mm, probe separation: 20
mm, max. displacement of tumor: {ith).

2.8.6. Receiver Sensitivity

In order get an idea of the systems performancalubiy, the required received power can
be calculated by making some assumptions. Assumitgterodyne receiver is used, in
which the RF signal is down-converted to an Intetiaie Frequency (IF) signal, minimum
detectable signal level at the microwave receieerlwe written as [74]:

S
Smin = kaBnFn(N_(;)min (2-43)

Where k;, (1.3806504x13° J/K) is the Boltzman constanf, (290°K) is the noise
temperature of the receivd, is the noise figure of the receivédt, is the IF bandwidth of

the receiver, and;—")minis the minimum SNR to detect the signal.
0

Assuming 20dB SNR, 10 dB noise figure, and 100 ABandwidth, the received signal
power should be greater than:

Spin = —153 dBm + 10 4+ 20 = — 123 dBm (2-44)

If microwave output power is 1 W (30 dBm), considgronly thermal noise, detection of
signals from spherical tumors having 1.5 mm radipsto 35 mm depth in high adipose
content tissue seems feasible, assuminguthSdisplacement is given locally by focused
ultrasound (Figure 2-15).
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This calculation involves only the thermal noisetta receiver. Another limiting factor is
that the received signal power level at the Dopjequency should be greater than the
phase noise of the coupled signal from the tratemét those Doppler frequencies. In the
system design, the transmitter power levels ofullrasound and RF, and also the vibration
frequency and RF frequency should be selectedudbréf order to acquire reliable data for
image formation.

2.8.7. Safety
2.8.7.1. Microwave Exposure

In order to get a reliable signal level at the neer the transmitted power should be high,
but it must be low enough not to harm the healigsue. The specific absorption rate (SAR)
value of the tissue which is exposed to microwagea is a criteria to investigate the safety
of the system. The temperature rise inside thadiss less than 1°C for 30 minutes exposure
to SAR values between 1 W/kg to 4 W/kg [75]. TheRSyalue for microwave exposure is
calculated and plotted as a function of depth emntiidline of the transmitter probe (which is
the maximum value at a certain depth) at 5 GHz wthenoutput power of the probe is 1
Watt (Figure 2-16). It is observed that the mosffected region is the tissue surface.
Neglecting the blood perfusion and the thermal cetidn, temperature rise due to
microwave exposure in the worst case can be cadrlibs:

SAR 2-45
ATy, =—t (2-45)
Yw

wherey,, is the tissue effective specific heat in J/(kglkpda is the microwave exposure
time. y,, for skin tissue is 3500 [76]. For a 3W/kg SAR vglu9 minutes of continuous
wave (CW) exposure results in 1°C temperature iristhe skin tissue. The output power
may be increased beyond 1 Watt without harmingditiseie to increase detection capability.

2.8.7.2.  Ultrasound Exposure

Ultrasound radiation has thermal effects that leatemperature rise in the tissue and non-
thermal effects like cavitation that is expansio @ontraction, or collapse of gas bubbles.
The limit for ultrasound field intensity as rested by U.S Food and Drug Administration
(FDA) is 190 W/cr spatial peak pulse-average intensityg) [77]. The intensity for the
mechanical simulations in Section 2.7 is 175 W/aatifich is below the limit.
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Figure 2-16: SAR value as a function of depth attidline of the transmitter probe at 5
GHz for 1Watt probe output power. Solid line (Righ adipose content tissue, dashed line (-
-): medium adipose content tissue, dash dottedine--): low adipose content tissue.

Thermal Index

Absorption of the ultrasound energy heats the ¢istuconvection and conduction of heat

inside the tissue is not taken into account, tmeperature rise for the worst case can be
calculated by:

_ 2al
Rz

AT, t

wherey, is the volume specific heat of the tissue and thes ultrasound exposure time.
Temperature rise less than 1°C is considered tacbeptable by the National Council on
Radiation Protection and Measurements (NCRP [7Hje Thermal Index is calculated as
the applied ultrasound power divided by the povmat tauses 1°C temperature rise in the
tissue. Using the intensity and attenuation valneEable 2-3, and 4.2 J/cf€l for y,, the
time duration for 1°C temperature rise at the fomu®93 ms for breast fat, 21 ms for
fibroglandular tissue, and 40 ms for tumor. Theasibund wave shouldn't be applied
continuously more than a few cycles of the modn¢atvave in order not to exceed 1°C. If
the transducer is directly placed on the tissuatihg at the skin by ultrasound must also be
considered along with microwave heating. Assumingoum illumination, the dppa at the
transducer aperture is 0.17 W/cmz for the sampdblpm given in Section 2.7. Duration for
1°C temperature rise is calculated as 1.7 s atsHie (assuming 1.84 dB/cm/ MHz
attenuation [80]). Some of the input power apptiethe transducer will also be converted to
heat. Therefore, the efficiency of the transdudesutd also be taken into account while
considering safety issues.
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Mechanical Index

Main concerns about the mechanical effects of temfisforce of ultrasound are cavitation
and acoustic streaming. When the acoustic pregzasees a cavity like a gas bubble, it
expands and contracts. If pressure is high enadinghgas bubble collapses, which in turn
produce very high temperatures and pressures amyashort time. This is called cavitation.
It causes the production of free radicals and diguicro jets which can damage the cells.
Acoustic streaming can occur in liquid parts of boely, which may cause thrombosis if the
streaming is near a solid part.

A quantity called mechanical index is used for gkdting the safety of an ultrasound system
in terms of mechanical effects. It is given by [81]

i = P ( 2-46)

Vi

wherep. is the peak negative pressure of the ultrasouathlia Mega Pascal's and f is the
frequency of the ultrasound beam in MHz's.

The FDA limit for Ml is 1.9 [82]. The peak negatipeessure is calculated to be 2.4 MPa for
the ultrasound intensity given in Section 2.7. TMiedue to this pressure is 1.32 which is
below the FDA limit.

2.8.8. Measurement Duration

The Doppler component of the scattered signaliig ev compared to the main component.
Therefore, measurement duration should be longgmatieach voxel to get a reliable signal
level at the receiver. However, there are sometitignifactors on the measurement time,
namely, safety issues, shear wave disturbance aablimaging time. It was calculated in
Section 2.8.7 that only 21 ms is enough to increasetemperature of the fibro-glandular
tissue 1°C, which is shorter than three cycle domafior 125 Hz vibration. In order to avoid
shear wave disturbance, it is also better takegustv cycles of the vibration. Therefore, a
pulsed waveform is necessary for the ultrasoundtagian. The received signals at each
pulse can be integrated to improve the SNR at ead@tfit. It is not trivial to determine the
number and duration required pulses without expemiad analyses. However, if 10 pulses
with 10 ms duration are used and 50 % duty cycleniployed to avoid heating and the
effect of shear waves, for a dual vibration frequesystem; 400 ms duration is necessary
for each point. In order to scan a region of 10xch® cm with 2 mm steps, 16.7 minutes are
necessary. As an implementation alternative, aprimrowave imaging can be applied to
detect the high-reflectivity regions inside thestie for which the presence of malignancy is
suspected. The presented method can be employégefm suspicious regions to detect the
presence of malignancy.
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2.9. Conclusions and Discussion

In this chapter, a novel hybrid acoustic-microwawmeaging method for breast tumor
detection is introduced. It is investigated senafgiically using two-layer breast model.
Focused ultrasound radiation force is used to gé@docal vibrations in the tissue. Tumor is
assumed to be spherical and electrically smalliysad)). The vibration of the local region
induces a Doppler shift in the received signal,cihis known to be the harmonic motion
frequency of the vibrating region. The receivedaidevel at the Doppler frequency caused
by harmonic displacement is analyzed for variousrowave operating frequencies and
probe alignments. This work is an initial analyalsout the method, and the problem is
complex involving multiple disciplines. Thereforgme assumptions are made to simplify
the analysis: 1) The breast tissue is assumed tbobgogeneous, semi-infinite and bi-
layered, 2) waveguide aperture is in an infiniteugrd plane, 3) the dielectric variation of the
tissue due to motion and the effect of shear wavesot taken into account, 4) the tumor is
completely inside the vibrating region, 5) the theement of tumor is 2.m.

In mechanical simulations, the tissue is modeled lasear elastic medium, and it is assumed
that the Young's constant and Poisson's ratio @réunctions of frequency and the applied
force [83]. Also, the thermal effects on the pgakue of the displacement are ignored. The
radiation force is assumed to be solely due tonatteon, and the effect of ultrasound
reflection at the tissue interfaces to the radmatiorce is not taken into account. As the
acoustic impedance is similar in tumor and fibrarglular tissues, the reflection from
tumor/fibro glandular interfaces are very smalleTkflections from fat/tumor and fat/fibro-
glandular interfaces are stronger than the reflastifrom the tumor/fibro glandular
interfaces. However, they are still weak (~1 %)isTéffect can increase the radiation force
slightly, which is an advantage for the microwaegedtion.

Fibro-glandular tissue has lower elasticity modwdad higher attenuation than the tumor. In
this aspect, the contrast due to vibration ampéitisl high between fibro-glandular and
malignant tissue, which is desirable for detecttngors in fibro-glandular tissue. The

images should be acquired for multiple harmoniciomofrequencies in order to increase the
sensitivity and discriminate the malign tissue frbemign tissue.

The results show that, in terms of the receivedaigmplitude at the Doppler frequency, the
microwave frequency of operation should be 2-2.5z2Gét relatively dense breast tissues
(medium to low adipose content mostly), whereadHz (3 suitable for mostly fatty tissue.

Regarding the alignment of the antennas, the nhmardgages of the E-plane alignment are
sensitivity in shallow regions and compactness. el@v, the directly coupled signal to the
scattered signal ratio is higher for the E-plangnahent case compared to the H-plane
alignment case.

The directly coupled signal is a limiting factor fchoosing the alignment of the antennas,
and also for the microwave operation frequencyesithe Doppler signal frequency is very
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close to the carrier frequency. It may be preferdblhave an imaging system operating in
multiple frequencies and to choose the frequenapefation for best SNR value.

For safety, ultrasound intensity and duty cycle ufthobe considered along with the
microwave exposure so that just enough displaceimsagizen to the tissue locally without
exceeding safety limits. This affects the speethefdata acquisition system and should be
considered in further studies. The received signahs about 6 dB when the displacement of
the tumor is halved (2-42). In the presented resut5 um was used for the vibration
amplitude. However, it is found to be lower for nahbon frequencies higher than 125 Hz. In
safety analyses, it was shown that the values urs#fte acoustic simulations are near the
safety limits. Nevertheless, the microwave outpoivgr (which is 1 Watt in the analyses)
can be increased to improve the performance fonenigibration frequencies. The SAR
analyses show that the most of the microwave pasi@bsorbed by the tissue near the
surface. Using surface cooling techniques, morguiupower can be used for better
detection performance. Also, lower vibration freqcies can be used to increase the
displacement amplitude.

Shear wave disturbance in the late time may didtoebreceived signal by creating clutter.
Therefore, the data should be taken at the earlg.tiA pulsed ultrasound wave packet is
recommended, which is also necessary for safetiyeopatient. The number of pulses used at
each point of scan should be optimized in ordeolitain enough SNR in the minimum
amount of time.

A typical value for the sensitivity of the receiviercalculated, and the results show that the
proposed method may be used for breast tumor dmiestithout exceeding safety
limitations. Therefore, the method is rewarding farther numerical and experimental
investigation.
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CHAPTER 3

DEVELOPMENT OF NUMERICAL TOOLS FOR REALISTIC
SIMULATIONS

3.1 Introduction

Numerical methods are useful in analyzing complegireering problems. Tissue is an
inhomogeneous medium and numerical methods arereeqfor realistic solutions. There
are mainly three types of numerical methods whighveidely used: Method of Moments
(MoM), Finite Element Methods (FEM), Finite Differee Time Domain Methods (FDTD).
In MoM, the solution is constructed using the knoreen’s function for a given problem.
The problem region is divided into smaller partd &gelds are solved using integral equation
formulation for a given frequency [84]. In FEM, tipeoblem region is divided into small
elements, which are generally tetrahedrons or rezkaims. The elements can be made
conformal to curved surfaces. The solution is algdisolving Maxwell’s Equations for all
the elements simultaneously for a given freque®8].[Thus, the Green’s function is not
used in this case. In FDTD method [86], the problergion is divided into cubic (or
rectangular hexahedral) elements. The Maxwell's &iqus are discretized in time and
space domain. The solution for the fields is itedaih time. The FDTD method is employed
in this thesis for the realistic simulations be@o$ the following reasons: 1) There is no
need to calculate the Green’s function; 2) it isyeo implement; 3) inhomogeneous media
can be easily implemented into the simulationsnémory requirements are less demanding
compared to FEM since there is no matrix inversion.

The physical problem in HMMDI method is complicatelich is a combination of acoustic,
mechanical and electromagnetic problems. The simulanethodology used in this thesis is
given in Figure 3-1.

For acoustic simulations, HIFU simulator tool deysd by U.S Food and Drug
Administration (FDA) [67] is used. The ultrasoumdeinsity distribution is used as an input
to the mechanical simulator. The acoustic radiafimrce is calculated using (2-1). The
intensity is assumed to be changing sinusoidallyif ébe transducer is driven with an
amplitude modulated signal. A 3-D displacement ritistion is obtained using the
mechanical simulator. The displacement distributien fed into the electromagnetic
simulator as snapshots in time. The received sighahe fundamental and the Doppler
frequencies are outputs of the electromagnetic latmu Simplified tissue models are used
for the initial simulations. Realistic tissue malelerived from the MRI data by University
of Wisconsin Computational Electromagnetics (UWCEWup [89] is used for the realistic
simulations. To simplify the problem, the effect béating due to ultrasound and RF
radiation is not taken into account.
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Figure 3-1: Forward Problem Simulation MethodolégyHMMDI Method

The mechanical and electromagnetic simulators @veldped in the scope of this thesis.

In the mechanical part of the problem, velocityes$rstrain equations are solved with the
FDTD method. Input is the mechanical body load lté ®acoustic radiation force. The
resultant displacement distribution inside theuiss the output of this solver.

In the electromagnetic part, snapshots of the aigphent maps are used to predict the
Doppler component of the received electromagndgicas. A novel approach is used for the

simulation of the scattered field from a vibratirggion inside the tissue. Two consecutive
simulations are run: one with the displacement, and without displacement. Since the

displacement values are much smaller than the wagth and the FDTD grid size, a sub-

cell approach [87] is used to introduce the effgicdisplacement. The resultant Doppler

signal level is much lower than the direct coupeghal level. In order to resolve this small

signal component, scattered fields are calculasathithe Volume Equivalence Theorem.

This chapter is organized as follows: In the nexttisn, the mechanical FDTD simulator is
introduced. The results obtained from the simula@ compared with commercial multi-
physics solver COMSOL Multi-physics for validatigrurposes. In the following section,
electromagnetic FDTD simulator is described. Thectebmagnetic solver is validated by
comparing its results with the results obtainedgishe semi-analytical solution.
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3.2.  Mechanical FDTD Solver for Displacement Analysis

Staggered-grid FDTD method has been formulatedsdé®mic wave propagation in elastic
media by Virieux [90], [91] and Levander [92] foil®, and by Randall [93], Yamogida and
Etgen [94] for 3-D problems. A 3-D solver is implented in this study. The equations of
motion are solved together with stress-strain i@lahips in the simulations. The set of
Equations are discretized in time and space andeddterating in time. The equations of
motion for velocity-stress relations are given by:

%_l OTxx |, OTxy | 0Ty ) _
at_p(6x+ay+az t+f (3-1)
aﬁ_l 0Tyxy | 0Tyy | 0Ty, ) )
at_p(6x+6y+6z +y (3-2)
9y _ 1(0%x | O%yz | Oty ) )
at (ax+ay+az tf (3-3)

Where vy, vy, and v, are the velocity components,y, T, .y, T, Txy, Txzand 7,,, are the

stress components,, f,,and f, are the load components, and is the density of the
medium.

The stress-strain relationships in terms of vejoare given by [91]:

T=- 2w+ (R +5E) (3-4)
T =+ +a(GE+32) (3-5)
%= (it 2) 22+ 2 (224 %) (3-6)
(4 2) @)
a3 2) =
e 2 o

whereA is the first Lamé coefficient, andis the second Lamé coefficient. These constants
define the elastic property of the medium.

The discrete form of the Equations can be writen a
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The unit cell for the grid, adopted from [95] isogin in Figure 3-2. The FDTD code is
implemented in C++ and validated with the resuliamed by the commercial multi-physics
software COMSOL 4.0. The parameters used in thenamcal COMSOL simulations are
given in Table 3-1. 2-D axially symmetric geomdgywsed in the COMSOL simulations.

P31k

‘P4,j,k+1/2

P8 j+1/2,k+1/2

PS+12,k+12

Figure 3-2: Positions of the material constant&acity and strain fields in the unit cell. The
components at the points P1 to P7 are; PR, i, Ty, Tyy, T2z, P2: vy, P3: vy, P4: v,, P5:
Tyz » P6: Ty, and P7:7y,,.

For validation analyses, the ultrasound transdiscassumed to emit focused Gaussian beam
with the intensity profile [88]:

/= lhA; e_ZAl(E)ze‘Z“Z (3-19)
By
where B (3-20)
4h@) = ———

B, and zrare the Gaussian coefficient of the transducer ded focal length of the
transducer, respectivelk, is the acoustic wavenumber s the transducer radiug,is the
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acoustic attenuation constant of the tissue. Tliatian force due to this intensity profile, as
given in (3-19) is applied as input to the numdrisianulator. The force is applied as a
volume load to the tissue sinusoidally, for frequies 100 Hz, 250 Hz, 500 Hz and 1000 Hz.
In all simulations, the peak force at the focuB.&LN/cr, and the peak value of intensity of
the beam is 18.8 W/cmlt is assumed that the intensity profile giverf3al9) is not affected
by the presence of the skin layer and the inhomeigenf the breast tissue.

Body Load (dBN/m?)

mm ) mm

Figure 3-3: Mechanical volume load applied to fhstte.

Table 3-1: Parameters Used In Mechanical Simulation

Frequency 3 MHz
Gaussian coefficient of the transduce By 1

Focal length of the transduce z 25mm
Radius of the transducera 10mm

Breast tissue| 5 kPa
Tumor 20 kPA

Poisson’s ratio All tissues 0.495

Young's Constant (E)

Ultrasonic absorption cnst.(dB/cm/MHz) | All tissues 0.75

Intensity of the beam at focus 18.8 W/cm
Focal Width (FWHM) of the transducer 0.48 mm
Focal Depth (FWHM) of the transducer 2.06 mm
Number of elements in the Finite Element model 4308
Maximum element size in the Finite Element model 0.8 mm
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For the FDTD simulations, the body load appliedite tissue inz-direction is given in
Figure 3-3 at y=0 plane. In order to visualize &ettoad is given in logarithmic scale. The
boundaries of the simulation domain are zero-sfiregssurface boundary. The displacement
values at the focal point obtained from FDTD andMSDL are plotted in Figure 3-4, for
frequencies ranging from 100Hz to 1000Hz. The isswbtained by COMSOL are
interpolated from the values at 100 Hz, 250 Hz, B@tand 1000Hz. FDTD simulations are
run in 100 Hz steps ranging from 100 Hz to 1000Hze results in two cases show very
good agreement. The average difference betweeRDA® and COMSOL results are 1.27
um for E=5kPa case and 1.jiih for E=20kPa in 5kPa case.
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Figure 3-4: The displacement values at the focaitpabtained from FDTD and COMSOL
simulation results.

3.3.  Electromagnetic FDTD Solver

FDTD method is a very common tool for electromagnsimulations. The Maxwell’'s
Equations in differential form are discretized ime and space. Magnetic and electric fields
are solved in a half time step difference usingaptfrog scheme. A staggered grid is used
with cubic cells. FDTD is suitable for biomedicappdications since tissue is an
inhomogeneous type of media that can be handleily das controlling the simulation
domain media parameters.

An electromagnetic FDTD code is implemented in MAAB_with Convolutional Perfectly
Matched Layer (CPML) boundaries [96] terminatinge tBolution region. Waveguide
terminations are necessary in the simulations dineenicrowave signal is transmitted and
received with open-ended waveguide type antennasreTare a number of ways for
waveguide port implementation. The easiest ondaising the approximate transverse field
distribution of the propagating mode as a hard@®(®7]. Since the impedance of the hard
source is zero, the field reflected back to thersmwvill be reflected into computation
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domain. This brings a limit for the duration of teeurce. Absorbing boundary conditions
may be used in terminations. At the port, backwaard forward travelling waves should be
separated in this approach [98]. Another way of lemnting a reflection free port is

terminating it with the characteristic impedancetbé waveguide [99]. This method is

preferred for waveguide port termination in thigdst since it is simple and effective. The
waveguide is excited with a monochrome signal, Hrel characteristic impedance at the
excitation frequency is found analytically.

3.3.1. Scattered Field from a Vibrating Tumor Inside the Tissue in 3-D FDTD

In the HMMDI method, the effect of vibration insidiee tissue should be modeled in the
simulation. Time-varying sheet surface impedancendary conditions are formulated for
the scattering due to time varying boundaries & tonducting [100], and dielectric
cylinders [101]. These types of boundary conditiaresimplemented for 2-D problems in an
FDTD scheme [102]. In this approach, two conseeutiectromagnetic simulations are run.
In the first simulations, the target is stationarkie fields from this simulation are stored and
are used to find the currents at the moving bouesgaf the target. In the second simulation,
the only source is the boundary current sourcesctwiaiccounts for the motion of the
boundary. It is necessary to use second order Boyrabnditions for arbitrary boundary
perturbations. This method requires the calculatibtihe tangential derivatives of the fields,
and careful choice of the current locations inghd. Finding analytical expressions for the
boundary currents is not straightforward [103] #@r3-D FDTD implementation of a
vibrating scatterer problem. In this thesis, aatéht approach is proposed. The volume
currents - directly calculated from the field compots - are employed, and the volume
equivalent problem is solved. The original and dugiivalent FDTD models of a sample
problem are given in Figure 3-5.

The procedure is as follows: A simulation is ruar the scatterer object at its original
position. The transmitting (TX) antenna is actigad the electric fields inside the object are
stored for each time step. A second simulatiomiis for which the object is replaced by its

volume equivalent electric curren]fe(p distribution, using the Volume Equivalence
Principle. TX antenna is passive in this case.

For the second simulation, the volume equivalentetiis can be written as:

dEObj

Jeq = (£onj — sb)T + (Gonj — 0p)Eop; (3-21)

Discretizing the current for FDTD simulation, wet.ge
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E n+1 E n E n+1+E n
> n Obji,j,k_ Obji,j,k Obji,j,k Obji,j,k
]eqi,j,k - (eobj - gb) At + (Gobj - Ub) 2 (3'22)

wheree,;, o, andey, op, are the permittivity and the conductivity valugghe tumor and

the background tissue, respective@bj is the stored electric field components inside the
scatterer volume in the first simulation. Magnetiorrent source is not present since the
permeability is constant throughout the tissue. ffegquency domain signal obtained in the
second simulation at the RX antenna aperture igletivby the signal at the TX antenna
aperture in the first simulation. By this way, thmplitude (A) and the phased{) of the
scattered field component of the; $arameter is obtained for the undisplaced tumbe T
same procedure is repeated for the scatterer desplp maximum extent due to vibration,
and the amplitude (A and the phased;) of the scattered field component of thg S
parameter are obtained. The procedure is showiguré-3-6.

D4 RX % X RX
Antenna Antenna ”Av? Antenna Antenna
4 mm ¥y ¥4 4 mm
r Pk,
14 mm 14 mm
UEOmﬂzmm E[EOmj:é3mm
Skin (£5=39.61,65=3.57) $2mm 50 mm Skin (£:=39.61,65=3.57) 4 2mm 50 mm
Tumor (£obj=50.44,645—4.92)
- '\ 4
Eop, Jeq
> Py
3mm 3 mm
Tissue (€=4.48,6,=0.21) Tissue (&p=4.48,6p=0.21)
" . 60mm . 60 mm
60 mm 60 mm

(@) ®

Figure 3-5: Original (on the left) and the volunwiizalent (on the right) FDTD simulation
geometries. Breast tissue is modeled with two kyskin and normal (high adipose content)
tissue. Antennas are placed on top of the skirrlayeubic tumor is present in the original
problem. In the reciprocal problem it is replacgdvblume equivalent current source.

Calculate the Fields inside Calculate the Fields inside
the stationary scatterer the displaced scatterer
\LJﬂ » Mwn Jva , M2
R
Calculate the received signal Calculate the received signal
using the volume equivalent using the volume equivalent
current sources cutrent sources
A1 s ¢1 LAZ L] ¢'2

Calculate the Doppler component of the received

signal using ¢land ¢2

Figure 3-6: Procedure of the method for calculatimey Doppler component of the scattered
field
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3.3.1.1. Calculation of the Doppler Component

The vibration introduces phase and amplitude maiduan the scattered signal. Maximum
amplitude and phase deviations on the receivedkaye calculated asA=A,-A; andAd=
@,-®,. Neglecting the effect of amplitude modulation,iebhcan be shown to be very small
compared to the effect of phase modulation, theived signal due to a vibrating scatterer is
of the form:

4mR

Srx(t) = A; cos (oomt+ 7

+ Ad sin(Awt + @) + @) (3-23)

where R is the distance from antennas to locallyrating tumor,w,,is the operating
frequency of the microwave transmittekw is the vibration frequency, and is the
wavelength inside the tissue. It is assumed thatvibrating region is on the mid-plane
between the TX and the RX antennas. Sindeis much less than unity, (3-23) can be
written as:

4mR AD _
Srx (D) = Ay {cos (u)mt = Q)) +—- cos(w,t F Awt + (p)} (3-24)

The signal magnitude at the Doppler frequensy)( is A®/2 times smaller than the main
scattered signal level ;A Aw is determined by the modulation frequency of theuatic
signal, which is practically tens to thousands efrtels. This component can be extracted
using low phase noise transmitters and highly sgegieceivers.

3.3.1.2. FDTD Sub-cell Grid

When the tumor displaces, its boundary moves insidedjacent cell (Figure 3-7). Practical

displacement values are on the order of micronsrder to simulate small displacements in
the geometry, a sub-cell method, which is originakveloped for thin material sheets [87]

is used. In this method, the cells including thie gheet are specialized. The FDTD update
equations are altered for these special cells.hin Vibrating scatterer case, the cells
surrounding the scatterer are "special" becaugbenflisplacement. The mechanical force,
which acts on a very small (millimetric) volume, assumed to be given by a focused
ultrasound transducer radiating in thalirection. Since the displacement of the tumor is
mainly in the direction of the force, the thin stse@re placed parallel tg-plane.

In the special cells, Hield is split into E and Es components since,Hield component is
normal to the boundary and not continuous. The datigl field components at the
boundaries (E E,, Hx, Hy) are continuous. Therefore, these field componargsnot split.
H, field component is also continuous since the pabitigy is same everywhere inside the
tissue.
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For the update Equations of the E-field componemttegral form of Maxwell’s first
Equation (Ampere’s Law) is used:

- dD —, (3-25)
frai- [ D
dt

+

Vv (s (=) ; OYeY VYOYeOYEY® Y v :Ez
s  emebaea
Y ® I OYOYVYOY yoyeayeyey | 1Bz s
> —t s R > > ’
y ® Jr ON ZOK SO 2R RO WOR HOR HON TS : By
1oYye19Y0y yetoyeyoy@® : Hx

(a) M)

Figure 3-7: FDTD grid showing field components E, and H for the displaced scatterer

case on the y-z plane cut of the 3D geometyyHzand H field components are not shown
for simplicity.

E, component:

Writing (3-25) for a generid!*.“z{fj’fk1 component,

1 1

n+1/2 n+; n+z n+1/2
Hxi’jH/Z’kAx - Hxi 4 Ax+Hy. 1 Ay —Hy. % ,kAy
,J 2,k l+2,],k 1= 3-26
En+1_En En+1+ETl (- )
_ Zijk — EZijk + Zijk T EZijk
TE&jkT A T OukT 5

Media parameters and the H-field components are affdcted by the displacement.
Therefore update Equation is not changed for theoEponent.

E, scomponent:

Writing (3-25) for a generif‘.“z_s{}j’fk1 component,
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1 1
+3 n+; n+1/2

+1/2 n

Hx Ax —Hx % Ax+Hy > Ay—H A

Lj+1/2,k Lj—3k yi+§,j,k Y yi—%,j,k y
B EZ_S{_‘]Tkl —Ez_s]jx EZ_SZ“]Tkl +Ez_s]x
= &ijk+1 At +0ijk+1 >

(3-27)

Media parameters are changed because of the dispéaat. Since the displacement is in the
—Z direction, the parameters should be replaced thighnext neighboring cell parameters in
the + direction.

H-field components are not changed since they angential to the boundary. These
components can be taken as same & irpdate equation for the greater cell.

E, component:

Writing (3-25) for a generiz‘:‘ylf}j’fk1 component,

1

1
n+s n+s
Hx™Y2 Ax—Hx ? Ax+Hz 2 Az—Hz""Y% A
i,j,k+1/2 i,j,k—% i+%,j,k i-1/2,j,k
1
_(bz—d)eg i +d g jue EVif — Evijx
Az At
1
(Az —d)oy jy +d oy i EVIj + EVijx
Az 2

(3-28)
where,d is the displacement value for the particular cell.

Average media parameters should be used since ¢dérmside the area bounded by the
Ampere’s law contour includes both background &edabject.

E, component:

Writing (3-25) for a generiEx{fj’f,g component:

1 1

n+1/2 n+> n+s n+1/2
Hyi‘].‘kH/ZAy — Hyi'j'kz_%Ay+Hzi'j+2%'kAz — HZi,j—l/Z,kAZ
_ Dz — d)e; j + d & jer Ex]Se — ExF (3-29)
Az At
(AZ - d)o-i,j,k +d O-i,j,k Exf;',% + Exirijk
Az 2

whered is the displacement value for the particular cell.
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Average media parameters should also be usedsrcéise, since the media inside the area
bounded by the Ampere’s lax contour includes baitkround and the object.

For the update Equations of the H-field componemiggral form of Maxwell's second
Equation (Faraday’'s Law) is used:

S — dB (3-30)
fri-([Pas
dt

H, component:

Writing (3-30) for a generid!a(zi’f;'kl/2 component,

n n n n
EX;ijy1/200% — Exi'j_%ykAx+Eyi+%J_'kAy - Exi_%‘j‘kAy
n+1/2 n-1/2 3-31
_ HZi,j,k - Hzi‘j‘k ( )
Ho At

Permeability and the E-field components are notcaéfd by the displacement. Therefore,
update equation is not changed for theebimponent.

Hy component:

Writing (3-30 ) for a generigly /2

ik component,

n _ n n _ n _p,n
EX{j j41/20% Exi‘j‘k_%Ax+Ezi+%‘j‘k(Az d)+EZSi+%,j,k(d) Ezi—é,j,k(AZ
n+1/2 n-1/2
—d)—Ez_s", . (d) = LIk LIk
) — l—%,],k( ) Ho At

(3-32)
whered is the displacement value for the particular cell.

H, component:

n+1/2

Writing (3-30) for a generiﬂxl.‘j'k component,
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EY] kv1/28Y — Eyinj k_lAy+EZ?j+lk(AZ —-d)+ EZS?Hlk(d)
“ 2 5 2 , 2’

n+1/2 n-1/2 3-33
Hxi‘j‘k — Hxi‘j‘k ( )

At

- Ezi"lj_%'k(Az —-d) — Ez_s:j_%‘k(d) = U,

whered is the displacement value for the particular cell.

In realistic simulations, scatterers with arbitraggometries along with arbitrary tumor
shapes may be present. Therefore, the specialeésiare generalized to all cells and the
Equations (3-26) to (3-29) and (3-31) to (3-33) wsed for the whole volume.

In the thin sheet method, the location of the slreé¢te cell is ambiguous. In the vibrating
tumor problem, Efield component is continuous along the thin stzewmt the adjacent cell
having the same material properties as that offtimesheet. Assuming that the displacement
values are very small compared to the cell sizg,field components are not used for
generating the current source in (3-21). By thisywhe location of the thin sheet is
implicitly made adjacent to the neighboring celhi§ assumption and its limitations are
investigated in the next subsection. It is impdrtamote that in order to have high accuracy
in the simulations, the same grid and special ceith the same displacement values are
used for the displaced and the undisplaced scatiienelations. The only difference is in the
media parameter values as seen in Figure 3-7. Tiaseprelation between the two
simulations is not conserved when the sub-cell gmglementation is changed for the
displaced and undisplaced cases.

3.3.2. Validation of the FDTD code

In order to check the validity of the sub-cell apgwh, a simple waveguide discontinuity
problem is solved. A dielectric filled waveguidevireg a first section withe,; =20 and a
second section with,=40 is excited with 10 GHz monochrome signal froontFL (Figure
3-8). Generalized-scattering-matrix model giverjd8] is used for terminating and exciting
the waveguides. Simulation parameters are: Diged#dn in space Ax,,)= 1 mm,
discretization in timeA;)= 1.11 picoseconds, no. of iterations = 3600 aedhsize = 2240.
The length of the,,section is increased in very small amountg.£d without changing the
total waveguide length. The change in farameter phase is calculated and compared with
the analytical value calculated usingdé.cefhq1, Whereky, is the guided wavelength in the
low dielectric section. The difference betweentthie solutions was found to be smaller than
6% for small displacements below 0.08 x cell sizes.the displacement increases, error
increases as seen on Figure 3-8 since the curessity inside the sheet is not taken into
account. In the vibrating tumor problem, the praadtivalues for displacement are below tens
of microns. Therefore, the method is accurate endodpe used for numerical simulations.

The proposed method is validated on a sample proble comparing the results with the
results of a semi-analytical solution. The simaatgeometry and the electrical parameters
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are shown in Figure 3-5. Water-filled, (aer = 77.15, 6 water = 4.41 S/m) open ended
waveguides are used as TX and RX antennas. Geonsetgrminated with 10 cells of
Perfectly Matched Layers in all directions. TX amia is excited (in Tk mode) with a
monochrome signal at 5 GHz frequency. The tumaassumed to be vibrating in tte
direction (max. displacement 51f). Simulation parameters argy,, = 1 mm,A=1.11
picoseconds, no. of iterations = 3600, and mesh si512K. Spectral approach [60] with
two layer semi-infinite breast model is used in skeni-analytical calculations. This method
was presented in Chapter 2. In this case, the tusmanodeled as a polarization current
density [66], which is equivalent to a sphere hguine same volume with the cubic tumor
inclusion in the FDTD simulations. The receivednsigdue to this current source is
calculated using the Reciprocity Theorem. The samailytical method was validated using
CST Microwave Studio. Figure 3-9 shows the mairttsoad signal level and the Doppler
component as a function of tumor depth for 1Watt dXput power. The magnitudes of
reflection (§,) and direct coupling () parameters of the antennas de-embedded to their
aperture plane are -10.7 dB and -28 dB, respeytivel

0.5 T
40 mm

0.45-
04 14m 14 mm

036r —sa=20 | @t 7
0.3} Port 1 — Port 2 d

20 mm+dspeer o
0.25¢ -~
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Figure 3-8: $; phase in radians for the waveguide discontinuibbfem as a function of
normalized sheet thickness.

The results obtained with the two methods haverg geod agreement, especially below a
certain tumor depth (15 mm). The disagreement énstiallow region can be explained as
follows: In semi-analytical calculations, the sestig response of a sphere is used, and the
tumor inclusion is modeled as a point source. Hargethe tumor is modeled as a cube in
the FDTD grid. In practice, the Doppler componentriostly affected by the movement of
the surface of the tumor inclusion, which is theecan the FDTD simulations. At the far
zone of the antennas, the phase gradients of d¢idsfare nearly constant, and the point
source model is a good approximation.
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Figure 3-9: Comparison of the results obtained bgnerical (FDTD) and semi-analytical
solution.

More realistic FDTD simulations of heterogeneossues that also include medium and low
adipose content tissues are possible with the pezp@pproach. Analysis of the same
problem using a brute force method requires higitrdtization resolution {£1000) with
demanding memory resources, and smaller time stps.usage of time-varying SIBC's
requires high order spatial derivatives of thedfiebmponents, and high amount of effort is
needed to formulate a 3-D FDTD implementation. Phaposed method only requires an
extra field component in the regular FDTD griddsaneme. Thus, the method is efficient in
terms of memory requirements, computation time amglementation effort. Accuracy of
the method is high enough to resolve the Dopplenpmment of the field which is much
smaller than the main scattered field componenb(<dB). The special cells can be
generalized to the whole geometry, and the displace maps from mechanical simulation
tools can be readily implemented without changhmgformulation. The recommended limit
for maximum displacement is one tenth of the deb,sto keep the phase error smaller than
10%. The limitation of the method is that only uredtional deformation of the scatterer can
be simulated. Nevertheless, the deformation indinections other than the direction of
motion can be assumed to be small in the vibratimgor problem. The validity of this
assumption must be checked with mechanical sinmmstibefore adopting the proposed
method for electromagnetic simulations.

3.4. Conclusions

Analysis of the physical problem for the proposeédMDI method is complex since it is a
hybrid method involving acoustics, solid mechanioslectromagnetics, and also
thermodynamics. A simulation strategy is proposedthis chapter, which involves the
simulation of the problem with different tools segtaly. The acoustic, mechanical and
electromagnetic simulations are solved sequentially
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In the 2-D acoustic simulations, the axi-symmetiritensity distribution is calculated
assuming a homogenous tissue. This assumptiotidsivdhe sense that we are interested in
the ultrasound intensity distribution inside trestie, rather than the backscattered signal. As
the problem involves only soft tissues, the beaapshof the ultrasound is not affected by
the small reflections at the tissue interfaces.

A mechanical 3-D FDTD simulator is developed, whigtkes the intensity distribution
output of the acoustic simulator as an input. Terisity distribution is used to calculate the
acoustic radiation force. It also can take theisgaltissue ultrasound parameters as an input
to manipulate the input intensity distribution acting to the attenuation and reflection due
to tissue inhomogeneity. The output of the meclan&mulator is the displacement
distribution inside the tissue.

An electromagnetic 3-D FDTD simulator is developéd,which microwave transceiver
system is simulated to obtain the received sigmapléude and phase. A method is
introduced for calculating the scattered field comgnt due to the vibration of the tissue.
The displacement map inside the tissue in diffetené instants are used to calculate the
Doppler component of the received signal.

Using the developed simulation tools, the forwardbfem can be analyzed with realistic

numerical tissue models. Since the simulators are separately, the coupling between

different physical problems are not taken into actoFor example, the effect of acoustic

wave propagation to the dielectric distribution @hd heating effect of acoustic waves on

the electrical and the elastic parameters of tsgué are ignored. Nevertheless, it can be
argued that these are second order effects, winieb ot influence the purpose of this thesis
work.
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CHAPTER 4

NUMERICAL SIMULATIONS

4.1. Introduction

In this chapter, simulations for various scenar&we conducted in order to show the
capability of the method for breast tumor detectidn the first part, simplified
(homogeneous) breast models are used. A small dulbnor is introduced inside the
homogenous breast tissue. The Doppler componetiteofeceived signal is presented for
linear scan of the ultrasound probe in axland lateral £) directions. In the second part, a
realistic numerical breast model is used in theuktions. The model, which is based on
MRI data, is obtained from the phantom repositor Wniversity of Wisconsin
Computational Electromagnetics (UWCEM) group [88]small cubic tumor is introduced
inside the fibro-glandular tissue. Using the chaimgthe phase of the received signal in the
first cycle of vibration, the Doppler component tbe received signal is calculated. The
results are presented in the presence and in $eneé of the tumor for linear scan of the
ultrasound probe in axialZY and lateral X) directions. In addition, the simulations are
conducted for the late time response when the shaaes are present inside the tissue. A
four cycle amplitude modulated burst signal is usetthese cases. The effect of shear waves
on the received signal and tumor detection perfaceds analyzed.

4.2.  Simulations for the Tumor Inside Homogenous Tissue

In this first case, a small cubic tumor of 3 mm edgngth is introduced inside a
homogenous high adipose content tissue. The silonlgeometry is shown in Figure 4-1.
The ultrasound focus is scannedtiandZ directions. The received signal is simulated using
the simulation approach given in Chapter 3.

Firstly, acoustic simulations are conducted to iobthe ultrasound intensity distribution
inside the tissue.

4.2.1. Acoustic Simulations

The acoustic intensity distribution inside the dissis the input for the mechanical
simulations. Intensity map is calculated using FHEU simulator tool developed by FDA
[67]. This MATLAB tool solves axi-symmetric KhokhteZabolotskaya-Kuznetsov (KZK)
equation [68] in the frequency-domain. The simolatparameters are given in Table 4-1.
The radius and the axial dimension of the companali domain are 2.1 cm and 9 cm,
respectively.
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Figure 4-1: Simulation geometry for the simulati@igumor inclusion inside a homogenous
tissue. Focus of the ultrasound transducer is an@bdepth inside the tissue. Water filled
open-ended waveguides are placed on the 2 mmdkinkissue. A tumor inclusion of 3 mm
edge length size is introduced at 25 mm depth éntlié@ high adipose content tissue. The
focus is scanned i andZ directions.

The geometry is meshed with rectangular cells lp@2um length in the radial direction
and 29um length in the axial direction. The calculatiomé for the simulation was 46
minutes on an Intel 7 1.73 GHz dual core CPU natkbdhe axial and lateral intensity
beamwidths of the transducer are obtained as 6m5amd 0.48 mm, respectively. Spatial
peak-pulse average value of intensityg)) for the amplitude modulated ultrasound beam is
175 W/cm2. Resultant pressure waveform, time aeenaignsity, peak positive and negative
pressure, and heat in the axial direction are gdoth Figure 4-2. The ultrasound beam
intensity distribution output is saved to a teX fio be used as an input of the mechanical
simulator. It is assumed that the intensity beawfilpris not affected by the reflections
inside the soft tissue. The loss in ultrasoundnisity due to inhomogeneity of the tissue is
calculated in the mechanical simulator, which isegiin the next subsection.

4.2.2. Mechanical Simulations

The intensity distribution obtained in the acousticnulation is used to calculate the

mechanical force distribution inside the tissuéne Bimulation geometry is shown in Figure
4-3. Since the ultrasound waves are propagatitigei-direction, the force is applied in the

Z-direction. The acoustic and elastic parameterd use¢he calculations are given in Table
4-2. The chosen value of Young's constant for teendigeneous tissue is between the
reported mean values of normal breast fat/fibrodldar tissue and fibro-adenoma tissue
[44]. This elasticity value used for the tumor lie treported mean value for intermediate-
grade invasive ductal carcinoma [44].
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Table 4-1: Parameters used for intensity calcutatiwith HIFU Simulator

Material Parameter Material 1 | Material 2 Transducer Value
(Water)67] (Breast) Parameter
Speed of sound (m/s 1482 1479[7] Outer radius (cm) 2.1
Mass density (kg/f) 1000 1000 Inner radius (cm) 1
Attenuation 0.217 34[70] Focusing Depth (cm 6
(dB/m/MHz)
Power of attenuation 2 1 Frequency (MHz) 33
vs. frequency curve
Material transition 2545 i Power (W) 3.35
distance (cm) No. Of Harmonics 150
Waveform at z = 6.02 cm
6 400
4
/ 300
|
e £ 200
N i
100
T »
o 0.05 0.1 0.15 0.2 0.25 03 00 2 4 6 8 10
t(us) z (ecm)
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Figure 4-2: Acoustic simulation results for: (a)egsure waveform, (b) Time average

intensity, (c) Peak positive and negative presgdid;ieat, calculated in the axial direction.

In the acoustic simulation, tissue is modeled d®mogeneous breast fat. Therefore, the
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attenuation of the ultrasound due to skin layer tnedtumor is not taken into account. In
order to obtain more accurate results, the intgrdistribution is altered to include the
attenuation of the skin layer and tumor due tcetfbn and extraneous attenuation.



The extraneous attenuation due to reflection amsbrabion is calculated in the axial
direction (direction of propagation) using [104]:

o\ 2 (4-1)
Eijk = &ijx_re 2@ik—a0)Az [1 - <M) l

Ni,jk+1 — Nijk
I'(iAx, jAy, kAz) = 1(iAx, jAy, kAz)E; ik (4-2)

wherei, j andk are the voxel indices i, § and Z-direction, respectively.¢; ; is the
extraneous attenuation coefficient for thigj, k)"voxel due to inhomogeneity. a; ;

(nepers/m) is the absorption coefficient of g, k)!"*voxel, ay(nepers/m) is the absorption
coefficient of the fat tissué\z (m) is the voxel dimension in tlfedirection.ni,j‘k(N.s/m") is
the acoustic impedance of th@ j, k)" voxel. The acoustic impedance is calculated
assuming that the density of the tissue is constantighout the tissue. It only includes the
variation of the speed of sound inside the tissue.

7

Ultrasound

l25mm H
Beam .i .

N

Figure 4-3: Simulation geometry for the mechanisghulations. A focused ultrasound
transducer is assumed to be present upon homogbreast tissue. Transducer is focused at
25 mm depth.
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Table 4-2: Acoustic and mechanical parameters ffferdnt tissue types used in the
mechanical simulations

Tissue Type Attenuation constant Speed of Young’s Poiss_on's
(dB/ cm/ Mhz) sound (m/s) | Modulus(kPa) ratio
Fat 0.34[70] 1479 [M1 5
Skin 1.84 [80] 1479 0.495
Tumor 0.79[70] 1550711 20

In the homogeneous casg,is the short-time average intensity distributiocliding the
attenuation of the skin layer'is given by :

I = pOi‘j,kz (4'3)
i,j,k chsijk

where Po; is the peak pressure at tiigj, k)" voxel, andpcsijk is the acoustic

impedance for the th@, j, k)" voxel. Using (2-1) and (4-3), the force distrilmmidue to an
amplitude modulated intensity can be calculatedgisi

a;iel;i 4-4
Fijr = ZLik” bik (1 + cos(Awt)) (-4

Si,jk
whereAw is the modulation or vibration frequencyrad/s

Simulations are performed for three vibration frexgeies: 125 Hz, 250 Hz and 500 Hz. The
dimension of the problem is larger in the axiakdiion as the ultrasound beam width and
the displaced region width are larger. Length (hyl avidth (W) are 80 mm, height (H) is
100 mm, and edge size of a cubic cell is 1 mm &% Hz excitation. For 250 Hz, tissue size
is 40 mm (L) x 40 mm (W) x 80 mm (H) and cell eckiee is 0.8 mm. For 500 Hz, tissue
size is 21 mm (L) x 21 mm (W) x 51 mm (H) and age size is 0.3 mm. The time steps
used in the simulations are 9&9 7.35us, and 2.76s for 125 Hz, 250 Hz, and 500 Hz,
respectively. 3500 iterations are used for 125 &fe] 2500 iterations are used for 250 Hz
and 500 Hz simulations.

The simulations are run for two cases: One set withor inclusion and one set without
tumor inclusion. A cubic tumor inclusion having m@ edge length is introduced at 25 mm
depth inside the tissue for the simulations witmau. Lateral and axial linear scan of the
probe is simulated. Lateral scan is performed fomrd to +8 mm travel distance with 1 mm
steps. For simulating the scan of the probe, tiheotuis moved rather than the intensity
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distribution. Axial scan is performed for -10 mm+#b0 mm travel distance with 2 mm steps.
Separate acoustic simulations are used for the isctre axial direction since the material
transition distance changes which correspond tonehanical scan of the probe in the axial
direction. Three dimensional displacement mapsfemaed at the time instants when the
first maximum and first minimum displacement ocair the focus. The displacement
distributions are stored in a file for each scagpsin order to be used as input for the
electromagnetic FDTD simulations.

The peak to peak displacement values calculated)ube average of the first 3 cycles are
given in Table 4-6.The displacement at the focuglaested as a function of time in Figure

4-5for 125 Hz, 250 Hz and 500 Hz. In order to visathe influence of the tumor to the

displacement inside the tissue, the displacemesirilalitions are plotted for 500 Hz

frequency at the first displacement instant fordases tumor is present or not.

Table 4-3: The displaced region widths (DRW) anal pleak-to-peak displacement values at
the focus for the homogenous numerical phantomukzied by averaging the first 3
excitation cycles.

Freq. Lateral | Axial | Displacement Displacgment
(H2) DRW |DRW | of tumor of fat tissue
(mm) | (mm) (nm) (nm)
125 21 9.8 16.73 15.03
250 1.9 8.7 5.28 9.61
500 1.7 8.4 1.44 1.94
x10° 10"

0 0
4 3.5
pAl 20
3.5 3
40 40
3
60 &0 2.5
a0 25 80 2
2
100 100 15
120 15 120
1
140 1 140
0.5
180 0.5 160
0 E] ES] sl 50 &0 70 10 2 E] 40 50 60 7

0

Figure 4-4: Displacement distribution inside thestie at the first maximum displacement
instant for 500 Hz vibration frequency. Left: Nodniasue, right: cubic tumor of 3mm edge
length is introduced.
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Figure 4-5: The displacement at the focus for haanogs model simulations for (a) 125 Hz,
(b) 250 Hz, and (c) 500 Hz vibration frequencielse Tumor is not present in the solid line
plots, whereas a cubic tumor with 3mm edge lengthtroduced in the dashed line plots.

4.2.3. Electromagnetic Simulations

In the electromagnetic simulation part, firstly tbenfiguration of the antennas is chosen.
Four different configurations are analyzed. In tin& one, the antennas are arranged in E-
plane configuration (Figure 2-12) with a 20 mm aiste between them. In the second one,
they are arranged again in E-plane configuratiarnplaced side by side. In the third one, H-

plane configuration with 20 mm distance is analyZadthe last one, side by side H-plane

arrangement is analyzed. The media, geometry asfdsion parameters are the same as in
Figure 2-9. The normalized Doppler component watspect to the directly coupled signal is

plotted as a function of depth in Figure 4-6.

Inspecting Figure 4-6, the following deductions ¢tenmade. When the antennas are away
from each other, near surface performance is deedeavhereas deeper inclusions are
sensed better. H-plane antenna alignment is betéer E-plane alignment as the directly
coupled signal is low. H-plane 20 mm arrangemewegbetter results after 12 mm depth.
Therefore, H-plane-20mm alignment is selectedterfollowing simulations.
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Figure 4-6: Doppler component to directly couplednal ratio for different probe
arrangements as a function of tumor depth.

The geometry of the electromagnetic simulationshiswn in Figure 4-1.The dimensions of
the tissue are: 60 mm (X) x 60 mm (Y) x 50 mm @l size is 1 mm in all directions. The
geometry is terminated with 10 cell PML layer ihditections. The microwave frequency is
5 GHz. The simulation time step is 1.11 picosecoadd 3600 simulation steps are
performed for each simulation. Transmitting anderdag antennas are water-filled open
ended waveguides of size 14 mm x 4 mm. They agnedi in H-plane with a 20 mm
distance. For the cases tumor is introduced,ptdsed to a 25 mm depth measured from the
antenna apertures. The parameters used in theoshegnetic simulations are given in Table
4-4. Simulations are performed for the scan offtioeis in thex - direction from 0 mm to 8
mm with 1 mm steps with respect to the center efttimor. It is assumed that the ultrasound
probe and the tumor move together. Rather than mgatvie antennas and the displacement
map, tumor is shifted in the- direction in the simulations. Simulations for thedirection
scan are also performed from -10 mm to 10 mm distamith respect to the tumor center
with 2 mm steps. The main frequency and the Dogdpdéguency components of the received
signal are calculated for each scan point.

Table 4-4: Parameters Used In The Electromagnetial8tions

Frequency GHz 5

a (mm) 14
Waveguide dimensions

b (mm) 4
Thickness of the skin layer d (mm)
Distance between transmitting

s (mm) 1

and receiving waveguides

Skin[22] | 39.61-j12.86
Relative dielectric constants Fat [72] | 4.48-j0.75
water 77.15-j15.86
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The amplitude of the main frequency component ¢tliyecoupled) of the received signal is
calculated using:

_ |Et2_nodisp| (4-5)

S L=
Rxmain |Et1_nodisp |

Here,E¢; noaisp 1S the total electric field at the receiver ant@mperture for the undisplaced
tissue simulatior;; .qisp IS the total electric field at the transmitter emta aperture for
the undisplaced tissue simulatifgy 4, Can also be calculated using the electric field
values calculated with the displaced tissue sirariat The directly coupled signal level for
1 Watt TX output power is calculated as -35 dBm.

In order to calculate the Doppler component, thasphof the received signal is calculated at
two instants: ¥ maximum displacement at the focus arfdmiinimum displacement at the
focus. It is assumed that the phase oscillatiosinslar for the following cycles since the
displacement oscillation amplitude is similar. Totese is calculated by converting the time
domain signal to the frequency domain with Discrétse Fourier Transform (DTFT).
Using (3-24), the magnitude of the Doppler compoéran be calculated as:

P — P; (4-6)
SRX—Doppler =4 (W)

whereA is the normalized amplitude of the scattered field

A= |E52_nodisp| (4-7)

B |Et1_n0disp|

Here, E; noaisp IS the scattered electric field at the receiveteana aperture for the
undisplaced tumor simulatioBs; n.aisp IS the electric field at the transmitter antenna
aperture for the undisplaced tumor simulatidncan also be calculated using the electric
field values calculated with the displaced tissimeutations. The result is similar since the
amplitude change is too small (M<<1 in (2-36)) aedjligible.B,,,, is the phase difference
of the scattered signal at th& haximum displacement instant:

Pmax = Arg (Esnzlfldxisp) - Arg (Eswzlflrjlcodisp) ( 4'8)

s2.disp 1S the electric field at the receiver antenna aperscattered from the displaced
tissue for the % maximum displacement inst > modisp 1S the electric field at the receiver

antenna aperture scattered from the undisplacedetifor the ¥ maximum displacement
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instant. P,,;,is calculated in a similar manner using the elecfreld values from the
simulation results for the*iminimum displacement instant.

For 1 Watt output power, the scattered signal ftbenstationary tumor is found to be -59.7
dBm in all simulations since the relative positioofs antennas and the tumor does not
change.
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Figure 4-7: Signal level at the Doppler frequenoy £ W microwave output power as a
function of scan position ifi direction calculated using thé& gycle of the vibration. Tumor
with 3 mm edge size is present at 25 mm depth. Bdwndary of the tumor is shown as
dashed-dotted line.
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Figure 4-8: Signal level at the Doppler frequenoy £ W microwave output power as a
function of scan position i direction calculated using thé tycle of the vibration. Tumor
with 3 mm edge size is present at 25 mm depth. Bithendary of the tumor is shown as
dashed line.
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For thex -direction scan, the signal component at the Derpipequency is plotted in Figure
4-7 as a function of scan position. The 3 dB wiltkthe signal is 2.5 mm for 125 Hz and 5.6
mm for 500 Hz vibration frequencies. For 250 Hzratbon, the signal decreases about 7 dB
rapidly in the ¥ millimeter but increases after that point. Takihg peak points at the
maximum extents as reference, 3 dB width is caledlas 8 mm. The results show that 125
Hz vibration yields the highest resolution. Thepthsed region widths become larger when
a stiff inclusion (tumor) is introduced (Figure %-AThis effect is more pronounced for
frequencies 250 Hz and 500 Hz than 125 Hz vibrdtiequency, which is the reason of the
low resolution in 250 Hz and 500 Hz frequencies.

For theZ -direction scan, the signal component at the Dapfpequency is plotted in Figure
4-8 as a function of focus depth. The 3 dB widthha signal is 6 mm for 125 Hz. Larger
displaced region widths for higher frequenciesadse observed in this direction.

4.3. Simulations with the Realistic Breast Tissue Model

The breast tissue models used in the previousestuatie homogenous. However, breast
tissue is inhomogeneous containing mammary glatmzules) and connective tissues.
Anatomically realistic numerical models of the tiss can be extracted from MRI images,
which provide high contrast tissue differentiatiddWCEM (University of Wisconsin
Computational Electromagnetics) group has an orfiebreast phantom repository [89].In
the repository, there are 9 numerical breast pmastmodels classified according to ACR
(American College of Radiology) that can be usecelectromagnetic FDTD simulations.
ACR classifies breast into 4 classes [105]:

Class | : The breast is almost entirely fat.

Class I : There are scattered fibro-glandular densities.

Class Il : The breast is heterogeneously dense. This magrldiae sensitivity of
mammaography.

Class IV . The breast tissue is extremely dense, which caliscure a lesion in
mammaography.

Slices of the provided models for different classesgiven in Figure 4-9.

The numerical phantoms are derived from T1 weightedjnetic resonance images from
patients in a prone position. The voxel sizes ef phantoms are: 0.5 mm x 0.5 mm x 0.5
mm. The dielectric properties of each voxel canchkeulated with the provided files for

each phantom. A Class Il numerical phantom is usethis study for mechanical and

electromagnetic simulations. In order to decreammputer demands, only the interested
region of the phantom is used.

For acoustic simulations, same acoustic intensgiridutions as in the homogeneous tissue
case (Section 4.2.1) are used since the acoustitlatbr tool can only simulate
homogeneous tissue.
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4.3.1. Mechanical Simulations

The intensity distribution is imported in the meettal simulator for calculating the
mechanical force distribution. The 3-D numericagédst phantom model from UWCEM
website (ID: 080304) is also imported. The tissuieategorized into 3 groups in the model
according to the media type value for the numerigatantom [89]: Fibro-
connective/glandular, fatty, and transitional tessuln the original model data, there are also
sub-categories for fatty and glandular tissue typé®se sub-categories are not taken into
account, and the same attenuation and speed \aleesssigned to all sub-categories. The
attenuation and the speed parameters are assgiieeltissue model according to Table 4-5.
Fibro-connective/ glandular and fatty tissue patamseare taken from [70] and [71]. The
average value of them is used for the transitidaslie.

(©) (d)

Figure 4-9:Four classes of ACR categorized breaages in UWCEM phantom repository
[89]: (a)Class I, (b) Class Il, (c) Class () Class IV.

In the acoustic simulations, tissue is modeled &®raogeneous breast fat. Therefore, the
attenuation of the ultrasound due to tissue inh@medy is not taken into account. In order
to obtain realistic results, the intensity is ateusing (4-1) to include this effect.

The computation domain size is same as the homogsrease. Length (L) and width (W)
are 80 mm, height (H) is 100 mm, and edge size otilsic cell is 1 mm for 125 Hz
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excitation. For 250 Hz, tissue size is 40 mm (14xmm (W) x 80 mm (H) and cell edge
size is 0.8 mm. For 500 Hz, tissue size is 21 mjinx(R1 mm (W) x 51 mm (H) and cell
edge size is 0.3 mm. The time steps used in thelaiions are 9.18s, 7.35us, and 2.7qs

for 125 Hz, 250 Hz, and 500 Hz, respectively. 3B8fations are used for 125 Hz, and 2500
iterations are used for 250 Hz and 500 Hz simutatid-igure 4-10 shows the numerical
phantom and the size of the numerical model usdtkimechanical simulations.

Table 4-5: Acoustic and mechanical parameters ffferdnt tissue types used in the
mechanical simulations

Attenuation Speed of v , Poi ,
Tissue Type constant sound oung s oIsson's
Modulus(kPa) ratio
(dB/ cm/ Mhz) | (m/s)
Fibroconnective/glandulgr 15 1553 c
Fatty 0.34 1472
_ 0.495
Transitional 0.9 1513
Tumor 0.79 1550 20

Figure 4-10: The breast phantom used in the sinonisit(Left: Side view, Right: Top
view).The yellow region is fibro-glandular tissued region is fat tissue. The extent of the
simulation geometry is shown in black dashed loelf5 Hz, light blue dashed line for 250
Hz, and green dashed line for 500 Hz. The plaghdelirtual ultrasound probe is shown in
the left figure. The tumor is depicted in whiteaol
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Figure 4-11: The displacement at the focus forigsgalmodel simulations. The tumor is not
present in the solid line plots, whereas a cuhicoiuwith 3mm edge length is introduced in
the dashed line plots. (a) 125 Hz vibration fregquer{b) 250 Hz vibration frequency, (c)
500 Hz vibration frequency. The moments when ttspldcement distribution is exported
(1 maximum and L minimum) to a text file are shown with circles.

Table 4-6: The displaced region width (DRW) and thigplacement values at the focus
mechanical simulations for the realistic phantom.

Fre Lateral | Axial Displacement Displacement
(HZ‘;' DRW | DRw | P8 (umy | Of realistic
(mm) (mm) K tissue um)
125 24 10 9.75 34.65
250 1.76 8.5 14 19.25
500 1.64 8.4 0.26 3.45

Lateral and axial linear scan of the probe is satad for two cases: One without any
inclusions, and one with an inclusion representimgtumor. A cubic tumor inclusion having
a 3mm edge length is introduced at 25 mm depthiéntiie fibro glandular tissue for the
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cases with tumor inclusion. Lateral scan is perfarfor -10 mm to +10 mm travel distance
with 1 mm steps. Axial scan is performed for -8 nom+8 mm travel distance with 2 mm

steps. Separate acoustic simulations are usechéosdan in the axial direction since the
material transition distance changes as the mechlaposition of the probe changes in the
axial direction. The displacement at the focus lsted as a function of time in Figure

4-11for 125 Hz, 250 Hz and 500 Hz. The displacemahtes calculated from the average of
maximum and minimum displacements are given in & dbb.

4.3.2. Electromagnetic Simulations

The geometry of the electromagnetic simulatiorsh®wvn in Figure 4-12. The dimensions of
the tissue are: 60 mm (X) x 60 mm (Y) x 50 mm @&ll size is 1 mm in all directions. The
geometry is terminated with 10 cell PML layer ihditections. The frequency of operation
is 5 GHz. The simulation time step is 1.11 picoselsoand 3600 simulation steps are
performed for each simulation. Water-filled opemteth waveguide antennas are placed on
the tissue with 20 mm separation. For the caseshatiimor is introduced, it is placed to a
25 mm depth from the top of the skin layer. Theeheed signal at the Doppler frequency is
calculated for -8 mm to 8mm scanin direction with 1 mm steps, and -10 mm to 10 mm
scan inz-direction with 2 mm steps, with respect to theteermf the tumor. For the-
direction scan simulations, the realistic modesh#ted together with the tumor in tite-
direction without changing the position of the ami&s and the displacement map. Forzthe
- direction scan simulations, displacement maphesnged according to the position of the
ultrasound transducer. The displacement maps dgedeby the mechanical simulator are
imported for each position of ultrasound focustf@Z - direction scan.

Class Il type breast phantom (ID: 080304) modefrf the UWCEM repository is imported
to the simulator as in the mechanical simulatioRgyure 4-13 shows the dielectric
distribution of the model for 3 axes cuts. A rediligrtion of the model is used in the
simulations (Figure 4-14).

FUS
Transmitting OEWG Receiving OEWG
Transducer

Antenna Antenna

50 mm
25 mm

_,"Tumor
___ﬂ__\c___
i

Scan Lines

!
Realistic Tissue Model /60 mm

e

T

¥

60 mm | _
4
W

Figure 4-12: Geometry for the electromagnetic satiohs for realistic numerical tissue
model.
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Figure 4-13: The realistic numerical breast modbe dielectric distribution inside the tissue
is shown for: (a) Y=81.5 mm cut, (b) Z=58 mm cuf) X=75 mm cut. The intersection of

the cut planes is the central point of tumor, whglntroduced as a cubic inclusion with 3
mm edge length. The boundaries for the reduced havdeshown with a dashed rectangle.
The rectangle is moved in the — direction forratscan simulations.

68



Y (mm)

(€)
Figure 4-14: The reduced numerical model used @ dlectromagnetic simulations. The
dielectric distribution is shown for: (a) Y=30 mmtc(b) Z=30 mm cut, (c) X=30 mm cut.
The intersection of the cut planes is the centoahtpof tumor which is introduced as a cubic
inclusion with 3 mm edge length. Tumor is showma aghite box.
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The 3-D displacement distribution is imported fraime text files generated by the
mechanical simulator. The displacement maps (Y=3® cut) at the % maximum
displacement instant of the focal point are giverFigure 4-15 in the absence and in the
presence of the tumor for 125 Hz, 250 Hz and 50@ibiation frequencies.

125 Hz- No Tumor

%10'5 125 Hz- Tumor Present )51 )
6 3]
4 4
2 2
0
5% 20 20 80 &% 20 20 60 °
X (mm) X (mmy)
5
250 Hz- No Tumor %10 250 Hz- Tumor Present -
%10
4 4
3 3
2 2
1 1
&% 20 10 0 ° 80 o 0
X (mm) X (mm)
500 Hz- No Tumor 10" 500 Hz- Tumor Present -

X (mm) X (mm)

Figure 4-15: Displacement map cuts (Y=30mm) at tflemaximum peak at the focus
imported to the electromagnetic simulations. Thepldicement maps are shown in the
presence and in the absence of the tumor incldsioh25 Hz, 250 Hz, and 500 Hz vibration
frequencies. The vibrating part for the scattefialgl calculation is depicted by a rectangle.
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In order to calculate the Doppler component asrmivethe method described in Section
3.3.1., firstly the total field is calculated. Talculate the scattered field from the vibrating
region using the Volume Equivalence Theorem, teetgt field values must be stored for
that region. The volume of the vibrating region sslected such that the maximum
displacement at the lateral boundary is smallen #4.5 of the maximum displacement for
all the snapshots and vibration frequencies. Hggon in which the fields are stored is 30
mm (X) x 30 mm (Y) x 40 mm (Z). 4.6 Gigabytes (3@& x 40 x 3600 x 3 x 8) memory is
required to store the electric field for the whsieulation time. This region and the Volume
Equivalent geometry are shown on the displacemaptimFigure 4-16.
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Figure 4-16: Geometries for the original (left) &hd volume equivalent (right) problems for
the realistic electromagnetic simulations.

The volume equivalent current update equation Feriij, k*" cell inside the vibrating
region is:
- n+1 - n
s n EOb]'i‘j‘k - EObJ'i‘j‘k
Jea; ;. = (gobf ik gb) At (4-9)
- n+1 - n
Eobji‘j‘k + Eobji‘j‘k
+ (any Lik %) 2

wheree, ;, o,,; andey,, op, are the permittivity and the conductivity valudstiee realistic
tissue model and the background tissue (whichashileast fat &, = 4.48,0, = 0.11 S/m
[72]), respectively.ﬁobj is the stored total electric field component iesithe vibrating

region volume in the first simulation. The receiggnal at the RX antenna is the scattered
signal from the vibrating region.

The phase of the scattered signal is calculatéd@instants: I maximum displacement at
the focus and*iminimum displacement at the focus (shown in Figi#EL). It is observed

that the displacement oscillation amplitude is Emfior the following cycles. Therefore, the
phase oscillation amplitude is also assumed to ib@las. The phase is calculated by
converting the time domain signal to the frequedoynain with Discrete Time Fourier
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Transform (DTFT). The Doppler component of the neaé signal is calculated in a similar
procedure given in Section 4.2.3.

The main frequency component (i.e. the coupledasighthe transmitted signal frequency)
for 1 Watt TX output power is given in Figure 4-This component varies as a function of
scan position since the tissue is inhomogeneous.

-31

Main Frequency Component (dBm)

R -4 2 0 2 4 6 8
Scan in x-direction

Figure 4-17: Main frequency component of the reegisignal for the realistic simulation as
a function of scan distance.

The Doppler component of the received signal istgtbas a function gfdirection scan in
Figure 4-18 for 125 Hz, 250 Hz, and 500 Hz vibmatfcequencies. The effect of tumor is
also given in the plots. The width of the tumom{8) is resolved well for all frequencies as
the DRW is small in the lateral direction. It isselbved that the signal level decreases about
1 dB, 3 dB and 10 dB when the focus is on the tufoorl25 Hz, 250 Hz and 500 Hz
vibration frequencies, respectively. It is also eved for 500 Hz that the signal level
increases when the focus is at the tumor centee fEason can be best understood
examining the axial displacement plots (Figure %-2¥hen the focus is on the tumor, the
displacement magnitude and the difference betwegsiadement distributions is larger than
the case focus is shifted to 1 mm. This effect idy cobserved for 500 Hz vibration
frequency, which may be caused by the small digpfent values and smaller DRW for this
frequency.

In Figure 4-19, signal level difference for muléplibration frequencies are given. When the
tumor is not present, the behavior of the diffaedrdignal level is smooth as a function of
scan distance. However, if there is a tumor, theeeabrupt changes at the location of tumor,
especially if 500 Hz vibration frequency is involivel his information can be used to identify
the presence of a tumor. In Figure 4-20, the Dappbmponent of the received signal is
plotted as a function of-direction scan for 125 Hz, 250 Hz, and 500 Hz afiimn
frequencies. The effect of tumor is given in thetgl The resolution is lower than the
resolution ink-direction in this case as the DRW is high.
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Figure 4-21: Axial displacement plots for 500 Heduency at maximum and minimum
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4.4. Late Time Response

In the previous section, the results are presefdeda single excitation cycle. As the
sinusoidal mechanical excitation continues, theasheaves propagate transversally inside
the tissue. Therefore, the phase of the receivertomave signal also depends on the
transversal displacement and the dielectric digtidim outside the focal region. The effect of
longer excitation time is studied in this sectiomhe acoustic, mechanical and
electromagnetic simulation models are similar ® dines used in Section 4.3. For 4 cycles
of excitation, the displacement distribution insttie tissue is sampled at the maximum and
minimum displacement instants of the focal pointsirld the FDTD electromagnetic
simulator, the phase of the received signal isutaled to obtain the signal component at the
Doppler frequency. The focal scan is performedawt—direction from O mmto 5 mmin 1
mm steps. Simulations are conducted for 125 Hz,l250and 500 Hz vibration frequencies.
For 0 mm scan point, the displacement of the feuiht is presented and the sampling
instants are shown in Figure 4-22 (a). In Figui224(b), the phase of the received signal at
these sampling instants is plotted. It is obsertledt the insertion phase decreases
incrementally. The sinusoidal variation in phasee da vibration is added on the slow
variation. The variation of the phase in the reedigignal can be denoted by a time varying
signalk(t). The received signal can be expressed by:

4mR 4mR
Srx(t) = Bcos (oomt + - +k(t) + Q)) = B cos (oomt + 0+ T) .cos(k(t))
4mR
—Bsin (wmt +0+ T) .sin(k(t)) (4-10)

Sincek(t) is much smaller than unity§grx (t) can be written as:
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%;—R) — BK(O)sin (wnt + 0+ %;—R) (4-11)

Therefore, the spectrum &ft) is shifted to the microwave carrier frequengy,. Since the
vibration frequency is known, a matched filter ¢snused to extract the vibration (Doppler)
frequency component of the received signal.

Srx(t) = B cos (oomt +0+
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Figure 4-22: (a) Displacement of the focal pointl dhe sampling instants in the presence
and in the absence of the tumor at the focal goin125 Hz, 250 Hz and 500 Hz vibration

frequencies at 0 mm scan point. (b) Phase of tteived signal at the sampled time instants
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Figure 4-23: Simulation results for the receivaghal component (4 cycles of excitation) at
the Doppler Frequency. Vibration is applied at 225 250 Hz, and 500 Hz. The place of
tumor is shown as a pink region.
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If the signal is down converted to the baseband, rtfatched filter is an impulse at the
vibration frequency. The signal component at theration frequency for 125 Hz, 250 Hz,
and 500 Hz vibration frequencies is calculated giSdTFT of the phase responsg). The
resultant signal levels at the vibration frequefaryl W output power are plotted in Figure
4-23.

Looking at Figure 4-23 it is observed that the tunsobest resolved for 125 Hz vibration
frequency for which the signal decreases about 2B 250 Hz and 500 Hz vibration
frequencies, it is difficult to make a decision abmalignancy as the signal level change is
also significant for the case tumor is not presehich is due to inhomogeneity of the tissue
and the shear wave effect. For 125 Hz, as the shawelength is larger, rather smooth
behavior is observed in the absence of the tumloe. decrease in the signal level in the
presence of tumor is more significant since theld=ed region is larger compared to higher
excitation frequencies.

4.5. Conclusions and Discussion

In this chapter, the HMMDI method is analyzed withmerical simulations. An axi-
symmetrical acoustic solver based on KZK equati@naised for finding the acoustic
intensity distribution inside the tissue. FDTD nmmhs used for mechanical simulations in
order to generate displacement maps inside theetidae to the acoustic radiation force of
the focused ultrasound probe. In mechanical sinaugt the tissue is modeled as a linear
elastic medium, and it is assumed that the Youogfsstant and Poisson's ratio are not
functions of frequency and the applied force [88%0, the thermal effects on the peak value
of the displacement are ignored. The intensity rithgtion obtained in the acoustic
simulations is altered to include the attenuatiome do tissue inhomogeneity. The
displacement results are used as input for thetreteegnetic FDTD simulations. The
dielectric variation of the tissue due to motiom@t taken into account.

The performance of the method is investigated &5 Hz, 250 Hz, and 500 Hz vibration
frequencies. A cubic tumor with 3 mm edge lengtimisoduced in the simulation cases with
tumor.

In the homogenous tissue case, the Doppler sigval increases when the focal region
moves towards the tumor. The simulations for thendgenous tissue show that the best 3
dB width resolution value is achieved for 125 Hbration frequency, which is 2.5 mm
laterally and 6 mm axially. The resolution is lower higher frequencies. This is a result of
enlargement in the displaced region volume for htgher frequencies in the presence of
tumor. For 125 Hz frequency, the difference in lispment values between the maximum
and minimum focal displacement instants are largewvalue compared to the higher
frequencies.
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In simulations for a Class Il realistic tissue,istobserved that the Doppler signal level
decreases when the focal region is around the tuhis is caused by the high reflectivity
and softness properties of the surrounding fibemgular region. It is also observed that the
received Doppler signal level varies with the spaaition in healthy tissue because of tissue
inhomogeneity.

The simulation results are presented for two caBist one for the Doppler signal level
calculated using the first cycle of the vibratisecond one for the Doppler signal calculated
using the first 4 cycles of the excitation. For tbemer case if the focus is on the tumor,
there is a decrease in signal level and the amoludecrease is affected by the vibration
frequency. It is observed that the higher frequesiteéad to a higher amount of decrease in
the signal level. Therefore, it is better to inaeahe frequency of vibration for higher
resolution. In this case, however, the level ofslgmal obtained from the normal tissue also
decreases as the vibration amplitude decreaseke llatter case, the effect of shear waves
leads to abrupt changes in signal level for 250akid 500 Hz frequencies. The position of
tumor is recognizable for 125 Hz frequency with dB decrease in the signal level. The
signal level varies rather smoothly for 125 Hz aiiwn frequency. Since the shear
wavelength is larger for the lower vibration freques, a low pass filtering effect is
observed and the signal level does not change whurchg a scan. If the focus is on a tumor,
due to the small displacement value, the signall ldecreases.

For detection of a tumor inside dense inhomogendmmssie, low vibration frequency

provides advantages over high vibration frequensigsh as: higher signal level and less
influence by the shear waves that lead to higheR.SNigh vibration frequencies lead to

better discrimination if the system has suffici8NR for handling single cycle excitation.

Although only 3 vibration frequencies are analyZedlinear scanning in this chapter, the
performance of the HMMDI method can be analyzedditver frequencies, and more scan
positions to generate images of the realistic éisaodels using the developed methods.
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CHAPTER 5

DEVELOPMENT OF BREAST PHANTOM MATERIALS

5.1. Introduction

Development of phantom materials is essential ¥pegemental investigation of any imaging
modality. Phantom materials that mimic the eleefrjgroperties of breast tissue are present
in the literature [106]-[118]. A review of literat for these types of phantoms can be found
in [119]. Similarly, there are a number of publioas about breast phantoms for
elastography [120]-[124].

The phantom material to be developed for HMMDI roettshould possess the following
characteristics:

It should be stable for a long time.

It must not contain toxic materials.

It should be easy to produce.

It should be able to mimic both dielectric and Btagroperties at the same time.

oo op

The phantom materials based on oil in gelatin elomlare found to be the best candidate
that can satisfy the criteria above. Oil-in-gelagimulsion phantoms were firstly used for
imitating the ultrasonic properties of the tissd4q]. In 1997, Hallet. al. developed
phantoms for elastography based on similar masefi20]. These types of phantoms are
further investigated in terms of stability for etagraphy by Madseet. al[121]. Lazebnik
et.al proposed using oil in gelatin phantoms for microevémaging for narrow-band and
ultra wideband systems [115]. These types of plmastare developed successfully for
microwave imaging purposes also by other researclupg [128] - [131]. The main
ingredients for oil in gelatin type elastographydamicrowave phantoms are gelatin,
safflower oil, deionized water, p-toluic acid, mpanol, formaldehyde, surfactant and
kerosene.

As the proportion of the oil is increased in theupiom, the dielectric constant and Young's
Modulus decreases. Electrical and mechanical ptiegseare controlled by varying the
gelatin/oil ratio. P-toluic acid and n-propanol arged as preservatives. Formaldehyde is
used for cross-linking of the gelatin, which fatetes the stability of the phantom. The
homogeneity of the emulsion is maintained by théastant. Graphites and glass-beads can
be added for increasing ultrasound attenuationsaattering.

Electrical and elastic properties of high-adipoeatent tissues can be emulated using high
rates of oil. The tumor can be emulated using addwate since the dielectric and elastic
constants of the tumor are high. However, fibraadladar tissue has high dielectric constant
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but low elastic constant. Another control paraméeaneeded other than oil to gelatin ratio
for this type of tissue phantom. It is reported tha elastic constant of the phantom material
can be decreased by baking it at 50 °C. The bagergpd can be several days to several
weeks.

Three different types of phantoms (normal breastriarmal fibro-glandular, tumor) are

developed in this study. The amounts of materials greparing about 1 liter phantom

volume (based on [115]) are given in Table 5-1. $hdactant percentage for breast fat is
increased for better homogeneity of the phantomen@t The fibro-glandular tissue

phantom is obtained by baking tumor phantom atG@f 4 days. The dielectric, elastic and
ultrasonic properties of the developed phantomgasented.

Table 5-1:Amounts of materials for preparing 1rlgbantom ( p-tol: p-toluic acid,
n-prop: n-propanol, formald.: formaldehyde, sustitfactant, gel: gelatine).

] kerosene oil P- - water gel. formal. surf.
TeseeTyPe ey o PPy @ m)
m m m r m m
(mg)  (mi) J
Breast Fat 333 333 167 83 158 286 167 140
Tumor/Fibro- 9 e 495 800 39.6 7535 135 79 101
glandular

5.2.  Phantom Preparation Procedure

The procedure for phantom preparation is giveri irb]:

0] P-toluic acid and n-propanol are heated in a smakex beaker until p-toluic
acid is dissolved.

(i) The mixture is poured into a larger beaker thataios de-ionized water.
(iii) Gelatin is added with stirring to the mixture abmotemperature.

(iv) The top of the beaker is closed by thin plastimfilsing rubber band, and it is
placed in a double boiler.

(V) The solution is heated until it is nearly transpa about 90°C).

(vi) The molten gelatin solution is taken out and dtiirfEhe bubbles on the top are
removed.
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(vii)

(vii)

(ix)

)

(xi)

(xii)

(xii)

5.3.

The solution is put inside a water bath and stiuetl its temperature is 50°C.
Meanwhile, safflower oil and kerosene mixture istiee until 50°C.

The oil mixture is added to molten gelatin at 509€the desired oil percentage
is higher than 50 %, firstly, required amount fdr % oil is added and the
mixture is stirred until the oil drops are very dimafter that the oil mixture is

added in small amounts. Every time, the size of éiledrops should be

minimized before adding more oil mixture.

Using a syringe, surfactant is added to the mixture

The mixture is cooled until 40 °C while stirring.

Using a syringe and a needle, formaldehyde (37%¢dd

The mixture is cooled until 34 °C while stirring.dan be poured into the mold
at this temperature.

A few days are required for gelatin cross-linking.

Dielectric Properties of the Developed Phantoms

The dielectric properties of the phantoms are nreaisusing the virtual line method [126].
The coaxial probe is placed on the material, aedcttaxial line is assumed to be extended
inside the material virtually in this method. Theldctric constant of the virtual coaxial line
is assumed to be the dielectric constant of thesnadt Since the radiation loss of the probe
can be neglected, the virtual line is terminatethwipen circuit. The probe model for this
method is given in Figure 5-1.

B’ . Material
: Air Under Test
g '_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_':iffff_'_f_'_f_'_f_'_f_'_ffi )
FE: Y+, Buét |Y|_ Y a,Baed Y==0
| 5 - >t C >
Figure 5-1: Probe model for virtual line method

The variables in the model are given below:
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Yq: Characteristic admittance of the virtual line.

&4 Complex dielectric constant of the material ungst.

Ba: Propagation constant of the virtual line.

Y Characteristic admittance of the coaxial probe.

& Complex dielectric constant of the dielectric en&l used in the probe.
Bt Propagation constant of the probe

Y The admittance at the probe’s open end

| . The reflection coefficient at B-B’ section

D: Physical length of the probe

L: Length of the virtual line

The admittance at the probe’s open end can beswrits:

Y, = jYytan(Byl) (5-1)

The characteristic admittance of the virtual lige i

i (5-2)

“60m®

Relationship betweenh,,, Y;and Y, is given as:

1 —T,,e2/BD (5-3)

W=t s

where \/g—t (5-4)
Y, =
“ 60O

Inserting (5-3) and (5-1) into (5-2), the compleglectric constant of the material is given
by:

B —jc\fer 1 — T e2iBeP . 2nfL\[eq (5-5)
fa = 2nfL 1+ T,e2/BD «© c )

wherec is the speed of lightf is the frequency.
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There are two unknowns (D and L) at the right hsidé of (5-5). These unknowns can be
found by calibration with materials for which theléctric constant is known (i.e., air, de-
ionized water, etc.)

A MATLAB tool is developed for calculating the deeltric constant of the materials
measured with the virtual line method. PNA 8364Btvidek Analyzer is used for the
measurements (Figure 5-2). The network analyzealibrated using an 85052B calibration
kit. An L-shaped semi-rigid cable having 130 mmg#mis used as the probe. Air and de-
ionized water are used for calibration referenbésasurements are done in 0.5 GHz- 6GHz
frequency band. Time domain gating is applied ideorto remove the reflection at the
connector. § parameter is given in time-domain with and withtgating” in Figure 5-3.

Figure 5-2: Dielectric measurement of the breagpfiantom using network analyzer.

The materials are cut into 3 separate pieces. Meamants are taken from top and bottom of
each piece making a total of 6 measurements fdr phantom. The mean values for the real
and imaginary parts of the relative permittivitye grlotted in Figure 5-4. Reference values
are also shown for comparison. The dielectric priggeeof tumor phantoms are very similar
to the reference values, whereas the dielectristaoh of breast fat phantom is higher than
the reference values. The cause of this increaseiaddition of extra amount of surfactant
for phantom homogenization. The dielectric constainthe fibro-glandular phantoms is
similar to the dielectric constant of the tumor pioens since same amount of materials is
used.
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5.4.  Elastic Properties of the Developed Phantoms

The elastic properties of developed phantoms astedewith both dynamic and static
measurements. Dynamic measurements are perfornmeg Berkin Elmer Pyris Diamond
Dynamic Measurement Analyzer (DMA) in the METU QahtLaboratory (Figure 5-5).
Cylindrically shaped fat and tumor phantom samplescut from larger phantoms using a
cylindrical hollow tube for the measurements. Thentkter and the height of the samples
were about 5 mm. Two samples (each from the saitch)baere prepared for each type. 15
measurements are taken at 0.1 Hz, 1 Hz, and 10réfudncies. The measurement
temperature was 25 °C. The mean values for thageoand loss moduli of the samples are
presented in Table 5-2.

The measurement values for the two fat phantomsliffiexent from each other. Therefore,
the accuracy of the measurements for the fat phanis questionable. The fat phantoms are
so soft that measurements may not be performedusely such small samples. However,
the measurements for the two tumor phantom sangskesimilar. In addition, they show
good agreement to the values presented in [125}. fBSults also show that the elastic
modulus increases as the frequency increases.

Table 5-2: Measured Storage (E’) and loss (E”) olod of the phantom samples (DMA)

Measurement Fat—1 Fat -2 Tumor - 1 Tumor - 2
Frequency E’ E” E’ E” E’ E” E’ E”
(kPa) | (kPa)| (kPa) | (kPa)| (kPa) | (kPa)| (kPa) | (kPa)
0.1 Hz 6.28 | 4.03 | 17.71 759 | 77.32 | 10.8276.63 | 12.15
1Hz 7.62 | 3.88| 25.51559 | 87.51| 14.7190.86 | 18.50
10 Hz 12.34| 351 | 38.07] 11.77| 110.52| 18.18| 118.42| 19.53

Figure 5-5: Perkin Elmer Pyris Diamond Dynamic Measnent Analyzer (DMA) in METU
Central Laboratory.
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Static compression measurements are also perfofondtle fat, tumor and fibro-glandular
phantoms. Lloyd LRX 5K materials testing machineN{ETU BIOMATEN laboratory
(Figure 5-6) is used for obtaining the stress-stnalationship of the phantom material
samples with compression test. 100 N load cellsisduin the measurements. Samples are
prepared in 15 mm diameter falcon tubes. For thasorements, the samples are taken out
from the mold and cut in 10 mm height.

The diameter of the compression plate was 60 mne. Mkasurements are done at room
temperature. The initial linear region of the stksfrain curve is used to calculate the
Young’s moduli of the samples, with the followinglation:

E =«S (5-6)

whereE is the Young's (elastic) modulus,is the slope of the stress-strain relation, ansl

a constant. The measured Young’s modulus of thetyshantom at 0.1 Hz frequency is

taken as a reference to calculate the consgtafihe results for the two fat phantoms are
consistent in this case with a 4.32 kPa average. mMikasured elasticity values for the
developed phantoms and the reference measuremees\a the real tissues are presented
in Table 5-3.

Elastic moduli of the fat phantoms are similarte teference value, whereas elastic moduli
of the tumor and the fibro-glandular phantoms aghér than the reference values. Fibro-
glandular phantom is produced by baking the tunf@npom for 4 days in 50°C oven. For

longer baking periods, it was observed that thenfma melts, and its shape is not preserved.
In addition, it becomes viscous rather than eladilerefore, the produced phantoms are
used for experimental studies even though theybéxhigher stiffness than the real tissues.
As a result, the phantoms show smaller displacemvahies for the same amount of

mechanical force than the real tissues, which bdsettaken into account in assessing the
performance of the experimental system.

5.5.  Ultrasonic Properties of the Phantoms

The ultrasound attenuation and speed of the phanswetested in METU Non-Destructive
Testing laboratory at 1 MHz and 2 MHz frequencleast and tumor phantom samples with
10 cm. height and 8 cm diameter are used for this.t&he attenuation and speed of the
phantoms are measured with tone burst reflectists.téMeasured values are presented in
Table 5-4.
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Figure 5-6: Lloyd LRX 5K materials testing machiime METU BIOMATEN laboratory
testing fat phantom sample. The stress-strainioektips of the different phantom types are
measured using a 100 N load cell. The samples w&renm in diameter and 10 mm in
height.

Table 5-3: Measured Young’'s modulus of the phantsmmples (Static compression
measurements)

Fat—-1 Fat - 2 Tumor Fibro-
glandular
Measurements 3.34 kPa 6.07 kPa 76.96 kPa 16.72kPa
Reference 3.25 kPa 3.25 kPa 10.40-42.52 kPa ®2a4k

Table 5-4: Measured ultrasonic properties of thenpbms

Speed of | Attennuation | Attennuation
Sound | atl MHz at 2 MHz
Fat Phantom 1625 m/s| 0.36 dB/cm 0.46 dB/cm
Tumor 1655 m/s 0.49 dB/cm. 0.88 dB/cm
Phantom

5.6.

Breast Phantoms for Imaging Setup

Two breast phantoms are prepared to be used iexherimental setup. The first one is a
homogeneous fat phantom which includes three @iffetumor phantoms with different
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sizes (Figure 5-7). Diameter x Height values fa thmor phantoms are 3mm x 2.5 mm, 10
mm x 5 mm, and 25 mm x 4.5 mm. The tumors are gdlate30 mm depth from the top
surface. The phantom is prepared inside a glas$ Witlv 11 cm diameter and 5 cm height.
It is produced in two stages. At the first stagpe fat phantom is prepared, and poured into
the container up to 2.5 cm from the bottom of tr|dnThe phantom is leaved to solidify
for one day. At the second stage, tumor phantorasptaced at the surface of the fat
phantom with their centers aligned on a straighe.liThe places of the tumor phantoms are
marked on the cover of the container. In additimmg points are marked on the opposite
sides of the container mold, through which the eetine of the tumor phantoms passes.
After that, fat phantom is prepared and pouredoprof the tumor phantoms until the surface
level reached 3 cm in height. The phantom is ledeed’ days at room temperature to
solidify.

Figure 5-7: Homogeneous breast phantom includiniiff8rent size tumor phantoms at 30
mm depth. Left: Tumor phantoms used in the breasnfom, Middle: Tumor phantoms

placed on the fat phantom at the first stage. Rigintal condition of the breast phantom after
the second stage.

The second breast phantom includes a fibro-glandigsue phantom inside homogeneous
fat phantom. A tumor phantom is put inside thedigtandular phantom. It is also produced
in two stages as in the case for the homogenearstqin. At the first stage, the fat phantom
is prepared, and poured into the container up Socgh from the bottom of the mold. The
phantom is leaved to solidify for one day. The diglandular tissue phantom is prepared
inside a falcon tube of 25 mm diameter. After tla&ibg period, 12 mm height portion of it
is cut to be used in the breast phantom. A hateiisand a tumor phantom of 5 mm diameter
and 7 mm height is placed in the bottom of thedfiglandular phantom (Figure 5-8). The
fibro-glandular phantom including the tumor is @dcon the center of the fat phantom.
Another fat phantom is prepared and poured in éimeesmold until the surface level reached
3 cm in height. The phantom is leaved for 7 daysain temperature to solidify.
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Glandular Tumor
Phantom

Figure 5-8: Homogeneous breast phantom includingptyphantom inside a fibro-glandular
phantom. Left: Phantom geometry, Middle: Fibro-glalar phantom including tumor
phantom placed on the fat phantom at the firstest&ight: Final condition of the breast
phantom after the second stage.

5.7. Conclusion and Discussion

In this chapter, phantom materials that mimic breé@msue properties are developed. The
material type is chosen as oil-in-gelatin dispersas they exhibit excellent properties such
as stability, ease of production and mimicking dffedent tissue types. The dielectric

properties are adjusted by varying the oil to gefatatio. Elastic properties are adjusted by
not only adjusting the oil to gelatin ratio but bak the phantom in 50°C oven, as well.

Dielectric, elastic and ultrasonic properties & ghantoms are measured.

The dielectric properties of the phantoms are nreaiswith a virtual line technique using
reflection measurements with an open-ended coéiri@l The dielectric properties of the
tumor and the fibro-glandular phantoms are consistéth the reference values measured
for the real tissues. The permittivity values of tlat phantoms are about 2.5 times larger
than the reference values. This is due to the iatdif the extra surfactant for making them
homogeneous. Otherwise, as the oil percentage % &0 the fat phantom, oil is separated
from the mixture.

The elastic properties of the phantoms are measusag both dynamic and static
compression tests. The reference values presdheititerature are measured with 0.1 Hz
dynamic tests. The results obtained with the dymameasurement tests for the tumor
phantom were in good agreement with the referenakies. Therefore, dynamic
measurement results of the tumor phantom are takemreference for obtaining the elastic
constants of the phantoms. The elastic properfi¢seofat phantom are consistent with the
reference values. However, tumor and fibro-glandpleantoms are stiffer than the reported
values. Although baking the phantoms decrease #i@stic constant, a long baking period
result in a viscous material rather than an elastie. Therefore, the elastic constant of the
fibro-glandular tissue phantom could not be de@éa® the elastic constant of the fat
phantom.
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Ultrasonic properties of the phantoms are als@tessing reflection technique. The speed of
sound in the phantoms was found to be about 7%ehitfan the speed of sound in real
tissues.

Even though there are some discrepancies betwera gbthe measured properties of the
phantoms and the reference values (real tissueuraasnts), they are not severe. Since
they are known, they can be used for predictingetterimental system performance. Two
breast phantoms are prepared for the experimegstigh:sOne includes three tumor phantoms
with different sizes in homogeneous fat phantorhgpincludes a fibro-glandular phantom
in the homogeneous fat phantom. A small tumor &¢dl inside the fibro-glandular tissue
phantom for the latter case. This case has a d$pecportance since the conventional
electromagnetic imaging methods are incapable téctiag the tumor inside the fibro-
glandular tissue. It is also problematic to deteettumor inside dense glandular tissue using
mammography. The performance of the HMMDI methodvestigated experimentally with
the developed phantoms in the next chapter.
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CHAPTER 6

EXPERIMENTAISTUDY

6.1. Experimental Setup

The performance of the HMMDI method for tumor détatis investigated experimentally
using the developed phantom materials. A blockrdiagof the experimental setup is given

in Figure 6.1.

Waveform
Ultrasound EXUAM I_ Generator 1
Modulati
Manual_ Amplifer o ua,on_
scanner in P——
X direction
o UItrasound\l Generator
’ Tpansducer +15 dBm Microwave
/ Signal Generatol
ol B Y 10 MHzI:
atel Spectrum EX =
Phantom ®)? Analyze! Trig
Material \l/ A
| ] T LT
TX and RX
Antennas

Figure 6-1: Simplified schematic for experimeniatup

An amplitude modulated RF signal is generated usitggwaveform generators. Waveform
Generator 1 is used as the modulating signal. Atksignal waveform is used in order not to
harm the transducer and the phantom. The genefdtedignal is amplified with a high
power RF amplifier (Amplifier Research 150A100B)thvb2 dB gain. It is fed into a single
element focused ultrasound transducer (Sonic Cesddl02). By this way, vibration is

induced inside the phantom material.

A microwave signal generator is used (Agilent E&2pTo feed the transmitting antenna.

Spectrum Analyzer (Agilent E4446a) is used for otisg the received signal frequency
spectrum. It is triggered by Waveform Generatan drider to start sweep at the beginning of
the burst signal. The properties of the sensord us¢he system are given in the next two

subsections.
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6.1.1. Focused Ultrasound Transducer

A single element focused ultrasound (FUS) transd(8enic Concepts H-102) is used for
generating vibrations inside the tissue. Its priggiare given in Table 6-1.

Table 6-1: Properties of the FUS transducer Sooitc€pts H-102

Frequency 1.1 MHz (Fundamental), 3.3 MHz'{3Harmonic)
Active Diameter 64 mm (Outer) x 22.6 mm (Inner)
Thru Opening 20 mm diameter central opening
Geometric Focus 63.2 mm
Focal Depth 53.5 mm (measured from transducer housing rim torgsgric focus)
Power Handling 150 Watts (CW), 400 Watts (Pulsed)

Axial Half Intensity

Beamwidth 15 mm (1.1 MHz), 5 mm (3.3 MHz)

Lateral Half Intensity

1.8 mm (1.1 MHz), 0.6 mm (3.3 MHz
Beamwidth ( ) ( )

The pressure pattern of the FUS transducer is medsising a needle hydrophone (Onda
Corporation, CA, USA) in order to obtain the pressualue for the applied voltage. This is
necessary for calculating the applied force inekigeriments, and also for using the intensity
distribution in the simulations. The measurementdse in the METU ULTRAMEMS
laboratory in Electrical and Electronics Enginegribepartment. The measured axial and
lateral pressure beams are plotted in Figure 6r2Lf¥olt peak to peak excitation of the
transducer. The frequency for maximum pressuremessured to be 3.320 MHz.

Axial Pressure Beam of the FUS Transducer Lateral Pressure Beam of the FUS Transducer

z (mm) x (mm)

Figure 6-2: The measured beam patterns of the RdSsducer for 1V peak to peak
excitation.
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6.1.2. Antenna Design

Open-ended waveguide antennas are used for traimgnanhd receiving microwave signals.
These types of antennas have advantages such asbamdiwidth, low-loss, and design
simplicity. Antennas are placed at the bottomhs#f phantoms in order not to block the
ultrasound transducer that is at the top side.gGfssed as a mold for the breast phantoms.
Therefore, there is a 3 mm glass layer betweempliaetom and the antennas. The antennas
are designed in order to work in a wide frequeraydfrom 5 GHz to 8 GHz. The dielectric
material used in the antenna is vegetable gik(2.5, 6=0.05 [132]). Broad-wall and
narrow-wall dimensions of the waveguide are chdsebe 22.86 mm and 10.16 mm. The
cut-off frequency for Tl mode is 4.07 GHz for this choice of dimensions. Text
propagating mode is LEwhich has the cut-off frequency of 8.1 GHz. Thé¢eana is fed
using a coaxial probe having the dimensions ofaadd#rd SMA adapter (inner conductor
radius: 0.69 mm, outer conductor radius: 2.3 mnije Tielectric material in the coaxial
adapter is Teflot! with relative permittivity 2.1, and dielectric b$angent 0.001. Antenna
is modeled in Ansys HFSS (Ansys, Inc., PA, USA)islplaced at the bottom of the glass
bowl for matching using the parametersd, andh (Figure 6-3). p is the length of the inner
conductor inside the waveguidiis the distance between the center point of coaxabe

to the short circuit.h is the total length of the antenna. The convergeparameter
(maximum magnitude of delta S) is chosen to be ®iB0the simulations. The optimized
values for a -10dB bandwidth of 50 % d8mm,p=5.6 mm, and=15mm.

L
0 10 20 (mm)

Figure 6-3: Antenna HFSS model. The design parasate shown on the figure.

The housing of the antenna is produced using alumimaterial in the ASELSAN REWIS
Machine Shop. Oil is prepared and poured into ttterana and the opening is closed using a
plastic material. The plastic is fixed to the aloom using a waterproof adhesive. The
antennas are placed on the bottom of the phantaththa S-parameters are measured using
Agilent 8722 D network Analyzer. The measured ahe simulated S11 parameter are
shown in Figure 6-4. There is a shift in the meadurequency band of the antenna to the
lower frequency. The reason of this shift is th&edénce between the real dielectric
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parameter of the safflower oil and the simulateldl@aNevertheless, the antenna exhibits a
return loss better than 10 dB in the desired frequeange.

— Measurement
—— Simulation

s11 (dB)

Frequency (GHz)

Figure 6-4. Measured and simulated garameter of the antenna.

6.1.3. Phase Noise of the Transmitter

The phase noise of the transmitter is an impopanameter since the Doppler frequency is
very close to the carrier frequency. The phaseenofshe signal generator is measured by
directly connecting the Signal Generator outputh® Spectrum Analyzer for 0 dBm output

power (Figure 6-5). 10 MHz reference signal of 8pectrum Analyzer is used as 10 MHz

reference for the Signal Generator. The spectruatyaer parameters for the phase noise
measurement are: Resolution bandwidth = 6.8Hz, Spa0Hz, Averaging = 20.

—2GHz
—3GHz
4 GHz
—5GHz
6 GHz
7 GHz
——8GHz

SSB Phase noise (dBc/Hz)

100 50 100 150 200 250 300 350 400 450 500

Frequency Offset (Hz)

Figure 6-5: Directly measured phase noise chaiatiteof the Signal Generator for 500 Hz
frequency span.
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6.2. Measurements for the Phantom-1

Phantom-1 contains a fibro-glandular phantom wishri2m diameter and 12 mm height
inside the fat phantom (Figure 6-6). A tumor phamtwith 5 mm diameter and 7 mm height
is present in the middle of the fibro-glandular mtoen.

Figure 6-6: Phantom-1 before the second fat leg/poured.

The configuration for the measurements is giverFigure 6-7. The height of the FUS
transducer is adjusted so that its focus is at 80depth. The antennas are placed in H-plane
configuration with 15 mm distance between theiresdgrhe antennas are placed on the
bottom side in order not to obstruct the FUS traned that is scanned on the top side. Since
the bottom of the glass container is not planapjeze of rubber is placed between the
antennas and the glass. The antennas are placednifaway from each other. The
transmitting antenna is fed by the Signal Generaldre output power of the Signal
Generator is 15 dBm. The receiving antenna ougpodnnected to the Spectrum Analyzer.

6.2.1. Microwave Frequency Analysis

Prior to the mechanical scan, the microwave opagdiiequency is chosen first. The FUS
transducer is fed with 367,y voltage, which corresponds to 6.4 MPa peak presauthe
focus (Figure 6-8). Vibration frequency is selectede 15 Hz, which showed a good SNR
value. The Doppler response for higher frequenitiaa 30 Hz was masked by the coupled
phase noise of the oscillator. For vibration fregties lower than 10 Hz, the Doppler
response was not resolvable from the main frequemtgponent. An AM burst with 3
cycles is sent with 1 second repetition intervatse focus of the FUS probe is positioned at
the fibro-glandular phantom. Averaging the sharteiintensity (2-3), spatial peak pulse
average intensitys,,, of the ultrasound beam is 630.2 Wfcim this case. For 3 cycles of
excitation, duration is 200 ms.
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Figure 6-7: Setup configuration for the Phantomeasurements

630.2 1

Figure 6-8: Pressure and intensity at the focughef ultrasound probe for microwave
frequency analysis. Amplitude modulated pressuepgied as a burst of 3 cycles.

The following parameters are used in the microwaeasurements: Resolution bandwidth =
6.8Hz, Span =200Hz, Sweep Time =280 ms, Averagir&®=The main frequency and the
Doppler frequency components of the received mier@nsignal are measured along with
the noise value at the Doppler frequency compoftégure 6-9).

Figure 6-10 (a) shows that the SNR is above 20 WBnf2 to 6 GHz. The Doppler
component to main frequency component is highesé fGHz frequency (Figure 6-10 (b)).
This is a result of cancellation of the coupledhaigcomponents from water/glass interface
and glass/phantom interface at this frequency.
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Figure 6-9: Received signal and noise levels amation of frequency when the focus is on
the fibro-glandular phantom. 15 Hz vibration withcgcles is applied with 1 second PRI.
Peak pressure is 6.7 MPa.

This effect is investigated with HFSS simulatioifie simulation geometry is shown in
Figure 6-11. S21 parameter is calculated for naespd mm rubber layer spacer, and 1 mm
water layer spacer cases. Similar to the experimhesetup, the antennas are 15 mm away
from each other in the simulation geometry. Backgrbis water. The dielectric properties
used in the simulation are: Glass (Ansys HF$$)%.5, 6=0 S/m, rubber (Ansys HFSS):
=3, 6=10"° S/m, watere,=77, 6=4.406 S/m, Fat phantors;=10, 6=0.41 S/m, oil [132]:
£=2.5,6=0.05 S/m.

The simulation and the measurement values for $2dnmeter are plotted as a function of
frequency in Figure 6-12. The coupled power de@eagen the rubber layer is present. It is
further decreased if water is present between thtenaas and the glass due to the
attenuation of the waves in water and reflectiothatantenna aperture. The simulated values
for the S11 parameter are shown in Figure 6-13ditberent configurations. It is observed
that when there is a rubber spacer between thenrzadeand the glass, the decrease in
coupling is due to the attenuation of the wavesd:she water between the antennas. If
water is present between the antennas and the tiaseflection at the antenna aperture is
high because of the high dielectric contrast betweater and oil. Therefore, coupling is
decreased further. In order to observe the relgbweer transmitted to the phantom for both
cases, a test antenna is placed on the phantomcdued signal from the transmitting
antenna to the test antenna is plotted in Figutd.6-
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Doppler component / Main Component (dB)
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Frequency (GHz) Frequency (GHz)
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Figure 6-10: (a) SNR, and (b) Doppler componentn@in frequency component. 15 Hz
vibration with 3 cycles is applied with 1 secondl PReak pressure is 6.7 MPa.

£ . — TestAntenna

R—

Water
Glass

Fat Phantom

4

s — N
pacer .%

Antennas

Figure 6-11: Ansys HFSS simulation geometry for gdimg analyses. The antennas are
placed at the bottom of the phantom. There is ani space between the aperture of the
antennas and the glass. A third test antenna teg@lan top of the phantom in order to
observe the change in power transmitted to thetphan
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Figure 6-12: Simulated and measured antenna caupdilues.
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Figure 6-13: Simulated S11 parameter of the antenna

When rubber layer is present between the anterméshe glass, the coupled signal to the
test antenna does not decrease more than 2 dB.vdovilewater leaks between the antennas
and the glass, the transmitted power to the phardamdecrease more than 12 dB. The
presence of water between the transmitting andreébeiving antennas is desirable in the
sense that the direct coupled signal decreaseseawthe antenna/glass interface must be
free of water in order to match the antennas tgtrentom. The coupled signal level in the
measurements is lower than the simulated valuéd fom water layer between the antennas
and the glass. This shows that water is leakedthgorubber layer. In addition, the water
layer thickness between the antenna aperture anglahs is thicker than 1 mm.
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Figure 6-14: Coupled signal from the transmittimgesina to the test antenna.

It is observed that the coupled signal level is/Yew at some frequency point (Figure 6-12).
For rubber layer this frequency point is 4.5 GHheweas for water layer it is 5.5 GHz. The
transmitted power to the phantom is not decreasedhese frequencies (Figure 6-14).
Therefore, it can be concluded that there is aalfton mechanism for the directly coupled
signal, which results in a low coupling at a certhiequency. This effect also leads to an
increase in the scattered signal to direct coupigdal ratio at 6 GHz in the measurements
(Figure 6-10 (b)).

6.2.2. Linear Scan Results

Since the Doppler component to the main frequenmyponent is highest at 6 GHz

frequency, the operation frequency for the lineaansis chosen as6 GHz. The manual
scanner has a 31 mm scan range. The scan is peddom54 mm range in 1 mm steps with
two positions of the holder. 9 mm of the scan rafogedwo scans are coincident. The FUS
probe and the phantom during the scan are shoWwigime 6-15. The scan lines, boundaries
of the fibro-glandular and tumor phantoms, andah&enna positions are shown in Figure
6-16.

The same waveform used in the microwave frequenafysis section is used for scanning
along the phantom. However, in this case the measemts are performed with 4.2 MPa
peak pressure at the focus in order to work cltséne safety limits,,,, of the ultrasound
beam is 271.4 W/cmThe SNR was not sufficient for lower ultrasountensity values in
the presented setup. If this amount of energy \apmied to the real fibro-glandular tissue,
the temperature rise would be 4.23 °C, neglectoryection and conduction of heat. Also,
the mechanical index is calculated to be 2.3. Alfiothese values are above safety limits,
there are a number of differences in the phantoperxent than real tissue case that leads
to higher intensity requirement for phantom experits. Firstly, the elastic constants of the
fibro-glandular tissue and tumor phantoms are highan the real tissues. Secondly, the
dielectric contrast between the fat phantom andfith@-glandular or tumor phantom is
lower than the real scenario. Thirdly, a bettensraitter and with lower phase noise can be
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used together with a sensitive receiver that waelguire lower ultrasound power. In
addition, the antenna apertures were not sealedtha&ne was an uncontrolled water leakage
between the antennas and glass.

Figure 6-15: FUS probe scanning on the breast phant

Fibro-glandular
Phantom ‘

Scan Ilnes B‘oydary !

K\ R

- Tumor Positions

Phantom

Figure 6-16: Scan line 1 (black) and 2 (orange}tierheterogeneous tissue phantom.

Microwave exposure is not an issue for safety stheeapplied microwave power is 15 dB,
which is lower than the sample case given in Se@i8.7. The measurements are affected
by thermal noise rather than phase noise sinceliteet coupling is low. The microwave
power could be even higher using an amplifier, Whiould decrease the requirement for
ultrasound power and duration.
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Simulations are also performed for the same cordiipn using the measured values of the
ultrasound probe intensity, and the measured oliieselastic and electrical parameters of
the phantom materials. The method given in Chaptés used for the simulations. The
geometry for the electromagnetic simulation is giue Figure 6-15. The tumor phantom is
modeled as a rectangular prism with 5mm x 5mm x 7dmmensions. The fibro-glandular
phantom is also modeled as a rectangular prism 2&ttnm x 28 mm x 12 mm dimensions.
Antennas are put inside the water as in the cadeimeasurement setup. A water layer of 1
mm thickness was assumed to be present betweemtbiena apertures and the glass mold.
1mnT mesh size is used. The problem geometry is tetednaith Perfectly Matched Layers
in all dimensions.

The measurement results are presented in FiguBeabehg with the simulation results. The
positions of the tumor and the fibro-glandularusgphantom are represented with red and
yellow colors in the figure, respectively. The sigtevel is low when the focus is on fat
phantom. It increases as the focus gets closdretditiro-glandular phantom and decreases
about 3 to 6 dB when the focus is on the tumor. Jigeal plot is not symmetrical since the
fibro-glandular phantom is not symmetric (Figur®)6-The simulated values were found 8
dB higher than the measurement values, and noredaliz the plot for comparison. This
results show that the water layer is thicker thendimulated case in the measurement setup.
Nevertheless, there is a good agreement betweesighal characteristics of the simulated
and the measured values. The discrepancy in tlee mgion is due the assumptions made in
the simulations. The fibro-glandular phantom is standing straight; it is rather inclined
(Figure 6-6). In addition, the effect of dielectgerturbation in fat phantom due to vibration
is not taken into account in the simulations.

The results show that a small tumor inside theoffandular tissue is detectable with the
presented HMMDI method. When the focus is on thepfaantom, the Doppler signal is
higher than the noise level due to the densityatiam caused by the motion. It may be
discriminated using a different vibration frequermyd comparing the changes in signal
level for tumor and fat phantoms.

The scan range of the manual scanner is increasd® tmm and another linear scan is
performed for the same phantom with a single sEégufe 6-19). The measured results are
plotted in Figure 6-20 together with the simulatetles. This time the simulation results are
decreased 6 dB for normalization, which shows thddetter coupling to the phantom is
achieved in the measurements. The results areod ggreement with the simulations.
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Figure 6-17: Simulation geometry for the linearrso@easurements of Phantom-1.
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Figure 6-18: Measured and simulated signal levehatDoppler frequency for the linear
scan across the fibro-glandular phantom, whichaiosttumor in the middle. The places of
the tumor (red) and the fibro-glandular (yellowaptoms are depicted in the figure.
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Figure 6-19: Scan line for the single 40 mm lingzan case for Phantom 1.
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Figure 6-20: Measured signal level at the Dopptegdency for the 40 mm linear scan
across the fibro-glandular phantom, which contaimsor in the middle. The places of the
tumor (red) and the fibro-glandular (yellow) phantare depicted in the figure.

6.3. Measurements with Phantom-2

In Phantom-2, there are three different tumor prastinside the fat phantom (Figure 6-21).
The biggest is 25 mm in diameter and 4.5 mm in tliteihe middle sized is 10mm in
diameter and 5 mm in height. The smallest onenm3in diameter and 2.5 mm in height.
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The value of peak pressure was increased to 7.5iMBeder to discriminate highly hard
tumor phantom inside the fat phantaig,,, of the ultrasound beam is 865.4 Wfem

Scan lines

\

*f

\%/
\\ ‘mtenna

Positions

Figure 6-22: Scan line 1 (black), 2 (orange), arfdray) for Phantom-2.

Three scans are performed to cover 78 mm linear istage with 1 mm steps. Measurement
is done in 3.7 GHz microwave frequency with +16 dBotput power from the signal
generator. 30 Hz vibration frequency is appliedhis case, only the response from different
sizes of tumor phantoms inside the fat phantonoisiclered. The frequency values are not
optimized for the best SNR.
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The measurement results show that the small andlenslzed tumor phantoms can be
identified. However, the amplitude of the displaesinfor the big sized tumor is not
sufficient to increase the Doppler component.
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Figure 6-23: Measured signal level at the Dopplequdiency for the linear scan across the
heterogeneous breast phantom, which contains &reiff tumors. The places of tumors are
depicted in red color.

6.4. Conclusions and Discussions

In this chapter, the proof of concept for the HMMDé&thod is demonstrated on the phantom
materials. The phantom materials are vibrated lpealing a FUS probe. Microwave signals

are transmitted to the phantom during ultrasourditation. The amplitude of the received

signal at the Doppler (vibration) frequency sigiglsensed using a Spectrum Analyzer.
Using a linear manual scanner, the focus of the ptifde is scanned on a line at 30 mm
depth inside the phantom. From the bottom (antesitk®), the depth of the scan line is 25
mm.

For the breast phantom including tumor inside figlandular phantom, the results show that
the received signal level increases when the fdasuen fibro-glandular phantom and
decreases when it is on tumor phantom. This résutiportant in the sense that it shows it is
possible to distinguish tumor inside fibro-glanduiiasue using HMMDI method. A 5 mm
diameter tumor at 25 mm depth was resolved in ¥perments. Because of the fluctuation
of dielectric constant due to vibration, a sigrdfit response from the fat phantom is also
received. Therefore, during a scan, a means fdindigshing the fat response from the
tumor response is necessary. Measurements withpteultibration frequencies may be a
solution for this problem. 15 Hz vibration frequgnis used in this study. For higher
vibration frequencies, the amplitude of the vilratifor the same amount of ultrasound

108



pressure is low. Therefore, the Doppler frequesyponent was not resolved in noise. The
applied ultrasound intensity wag,,, = 271.4 W/crf, which is slightly above the safety
limits. The ultrasound power is not increased ideornot to harm the phantom. Some
aspects of the experimental system, which requiigth amount of ultrasound intensity
level, should be noted. The transmitter and receivged in this study are general
measurement devices. Using a transmitter with loplease noise, a receiver with a
processor that measures the Doppler component avithatched filter, better results for
higher vibration frequencies can be obtained. Iditamh, the elastic constants of fibro-
glandular and tumor phantoms are higher than thietissue reference values. The dielectric
contrast between the fat and tumor/fibro-glandptantoms is also lower than the reference
values. Therefore, a better performance is expdoteexperiments with breast tissue rather
than phantoms. Also, the antenna coupling to thenfgm can be improved by using a
coupling liquid that enables better coupling to tissue and at the same time provides high
isolation between the transmitting and the recegivamtennas. The isolation between the
antennas should be made as high as possible in wrdwoid leakage phase noise of the
transmitter. It was observed that when there axe layers between the antennas and the
phantom, the directly coupled signal decreasestidadly for some frequency point. This
property can be used in the system design, whidhimgrease the performance of the
system.

Although normalization was necessary due to thiemihces between the experimental setup
and the simulation geometry, the simulation resultse quite similar to the measurements.
The main difference that led to lower received povexel in the measurements is the

thickness of the water layer between the antenagwe and the phantom.

For the homogenous breast phantom with tumor ifarhgs a higher ultrasound power level
(Isppa = 865.4 W/crf) was required since the elastic constant of theotuphantom is high.
For a 3 mm diameter tumor, the width that the digleareased 3 dB from the peak was 8
mm. A sharper decrease was observed for 10 mm tBarenor for which the 3dB width
was 5 mm. The smaller tumor has a lower inertiadsnd@herefore, the signal level is high
for a larger lateral separation between the tumdrthe focal point. On the other hand, the
larger tumor vibrates when the focus is just ogiglding a better resolution. Although there
is an increase in the signal level, the vibratiesponse of the biggest tumor could not be
resolved well since the vibration amplitude is dmal

To conclude, it is shown with phantom experimehtt the proposed method can be used
for detecting small tumors in highly dense bressies. In fact, it is better to image a dense
tissue rather than a fatty tissue with HMMDI methasl the Doppler component will be
higher.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In this thesis, the potential of a novel methodneky Harmonic Motion Microwave Doppler
Imaging (HMMDI), for detection of breast tumors the early stage was presented. The
method makes use of the contrast in electrical elastic properties of the malignant and
healthy tissues for tumor detection. It can alsoubed for detecting tumors in the other
tissues that are penetrable by ultrasound and maves.

The method involves generation of local harmonitiominside the tissue. This motion can

be generated using radiation force of ultrasounctrdvave signals are transmitted and

received using antennas that are matched to theeti®hase modulation is introduced on the
received signal due to vibration. The first spddiequency component, namely the Doppler
component, of the received signal is sensed, whghends on the elastic and electrical
characteristics of the tissue.

The advantages of this method can be listed asasll

1) Potential of detecting tumors inside fibro-glanddissue:
Since the tumors are stiffer than the healthy &ssthey can be detectable inside the
fibro-glandular tissue with a reduction in the silevel.

2) Utilization of microwaves rather than ultrasound:

In remote palpation methods such as Harmonic Motinaging (HMI) or Acoustic
Radiation Force Imaging (ARFI), the elasticity diettissue is reconstructed using a
diagnostic ultrasound transducer. The attenuatiant@sound waves in fibro-glandular
tissue is about 11 dB/cm at 7.5 MHz, which is adgpfrequency. On the other hand,
attenuation of microwaves at 3 GHz is about 5 dB/Gimerefore, better penetration
depth is achievable using microwaves. In additibe, method can be combined with
microwave imaging and dielectric and elastic prtpercan be reconstructed at the same
time yielding better sensitivity and specificity.

3) Millimetric resolution:

The resolution is on the order of milimeters du¢hi® usage localized vibration, without
the need for ultrawideband microwave components.

110



4) Simpler reconstruction due to focused US:

Since the vibration is localized due to the usa@efoosused ultrasound, complex
reconstruction algorithms are not needed.

5) Non-invasive, patient friendly method suitable fiasiss screening :

Since ionizing radiation is not used, the proposedhod is harmless and can be used
without any limitations. The compression of thedstes not necessary. Therefore, it is a
patient friendly method and has a potential forsr&seening usage.

A semi-analytical solution procedure is given foakyzing the feasibility of the method for
simple two layered breast model. Numerical FDTD udators for both mechanical and
electromagnetic problems are developed. For cdlogléhe scattered field from a vibrating
region inside the tissue, a new accurate 3-D FDPpraach is introduced. A solution
procedure for numerical simulations of the forwambblem is proposed. The procedure
involves the simulations of the acoustic, mechdniaad electromagnetic problems
sequentially.

The simulation results show that as the frequemncyeases, the region of vibration gets
smaller. Therefore, higher resolution can be addevit was also shown that if there is a
tumor inside the tissue, the signal level dropsmaevhen the focus of the ultrasound probe
passes through the tumor. The decrease in thel $gy@h is greater for higher frequency of
vibration, if only the first cycle of excitation tonsidered. Consequently, the discrimination
performance is better. However, SNR decreaseseagiltination frequency increases since
the vibration amplitude decreases. If the excitatlonger than one cycle, the shear waves
are propagated into the tissue, and the receiglsis affected from the regions outside the
focus. The response from a 3 mm edge cubic tumar siifl distinguishable with a 2 dB
signal decrease for 125 Hz vibration frequency w#itycles of vibration.

Breast phantom materials that mimic the electrieldstic and ultrasonic properties of the
breast tissue are developed to be used in exparirgtnodies on the method. The dielectric
properties of the tumor and fibro-glandular phargonere similar to the reference values
whereas the dielectric constant of fat phantom atmsut 2.5 times higher than the reference.
On the contrary, for elasticity, the fat phantoragerties were similar to the reference values
where tumor and fibro-glandular phantoms yield kigblasticity values.

The experiments with general purpose instrumerdgg/et that a small tumor phantom at 25
mm depth with 5 mm diameter and 7 mm height isaebde inside fibro-glandular tissue

for 15 Hz vibration frequency. A 3 to 6 dB decreasesignal level was observed on the
tumor region compared to the signal level gainedthan fibro-glandular phantom. Better

performance is expected if specialized microwawehisgctures are used together with signal
processing techniques.
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This thesis is an initial work on the HMMDI methéat which the feasibility is investigated
for early stage breast cancer detection. As a cpesee, there are nhumerous points that
should be investigated further in the future. Safthem are listed below:

1) Development of fast and efficient numerical toasthe forward problem solution,

2) Adding the effect of dielectric perturbation due rtmtion in the electromagnetic
simulator,

3) Conducting simulations on various realistic tisg@metries for different tumor

sizes and depths,

4) Analyzing the performance and usability of the roettior detection of tumors in
other organs such as prostate, kidney, and liver,

5) Improving phantom materials to construct more stialiphantoms,
6) 3-D scanning on phantom materials,
7) Designing and implementing a specialized microwa&asceiver system to be used

in the experiments,

8) Improving the antenna and coupling medium designhfgh isolation and better
coupling to the tissue,

9) Multi-vibration frequency data acquisition to impeofat/tumor discrimination,

10) Building a clinical prototype system for imaging,

11) Acquiring and processing 3D image data from phantoaterials/ animals /patients,

12) Data fusion with microwave imaging,

13) Developing reconstruction algorithms for elastictyd dielectric variation inside the
tissue,
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